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ABSTRACT: Puberty in mammalian speciesisaperiod of rapid interactive endocrine and morphol ogical changes.
Therefore, it isnot surprising that exposure to a variety of pharmaceutical and environmental compounds has been
shown to dramatically ater pubertal development. This concern was recognized by the Endocrine Disrupter Screening
and Testing Advisory Committee (EDSTAC) that acknowledged the need for the development and standardization
of aprotocol for the assessment of the impact of endocrine-disrupting compounds (EDC) in the pubertal male and
recommended inclusion of an assay of this type as an alternative test in the EDSTAC tier one screen (EPA, 98).
The pubertal male protocol was designed to detect alterations of pubertal development, thyroid function, and hypo-
thalamic-pituitary-gonadal (HPG) system peripubertal maturation. In this protocol, intact 23-day-old weanling male
rats are exposed to the test substance for 30 days during which pubertal indices are measured. After necropsy,
reproductive and thyroid tissues are weighed and evaluated histologically and serum taken for hormone analysis.
The purpose of this review was to examine the available literature on pubertal development in the male rat and
evaluate the efficacy of the proposed protocol for identifying endocrine-disrupting chemicals. The existing data
indicate that this assessment of puberty in the malerat is a simple and effective method to detect the EDC activity
of pesticides and toxic substances.

KEY WORDS: thyroid function, hypothalamic-pituitary axis.

I. INTRODUCTION variety of pharmaceutical and environmental com-

Puberty in mammalian speciesis a period of

rapidi

pounds has been shown to alter the timing of pu-
bertal development in animals. This concern was
nteractiveendocrineand morphol ogical changes. recognized by the Endocrine Disrupter Screening

Therefore, it is not surprising that exposure to a and Testing Advisory Committee (EDSTAC), which
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acknowledged the need for the development and
standardization of aprotocol for the assessment of
theimpact of endocrine-disrupting compounds (EDC)
in the pubertal male and recommended inclusion
of an assay of thistype asan alternativetest in the
EDSTAC tier one screen (EPA, 98). The pubertal
mal e protocol was designed to detect alterations of
pubertal development, thyroid function, and hypo-
thalami c—pituitary—gonadal (HPG) system peripu-
bertal maturation. In this modified protocol (see
Table 1), intact 23-day-old weanling malerats are
exposed to the test substance for the 30 days
during which pubertal indices are measured. After
necropsy, reproductive and thyroid tissues are

weighed and evaluated histologically and serum
taken for hormone analysis.

The purpose of this review is to examine the
available literature on pubertal development in the
mal e rat and evaluate the efficacy of the proposed
protocol for identifying endocrine-disrupting chemi-
cals. To accomplishthis, adiscussion of the mecha-
nisms that are known, or strongly suspected, to
regulate the onset of puberty in the male rat will
be presented. This discussion is followed by are-
view of theliteraturefor those compoundsknown to
alter male reproductive development and thyroid
function. Inthisregard, our review focuses on those
studies that report the same or similar exposure

TABLE 1
Research Protocol for Assessment of Pubertal Development and Thyroid Function
in Immature (23- to 53-Day-Old) Male Rats

Purpose and applicability

The purpose of this protocol is to outline procedures to quantify the effects of environmental compounds on
pubertal development and thyroid function in the intact juvenile/peripubertal male rat. This assay detects
compounds that display antithryoid, estrogenic, androgenic, antiandrogenic [androgen receptor (AR) or steroid
enzyme mediated] activity, or alters puberty via changes in follicle stimulating hormone (FSH), luteinizing
hormone (LH), prolactin, growth hormone (GH) or hypothalamic function.

Required endpoints
Growth (body weight)
Age and weight at preputial separation
Serum thyroxin (T4) and thyroid-stimulating hormone (TSH)
Thyroid histology
Seminal vesicle plus coagulating gland weight (with and without fluid)
Ventral prostate weight
Levator ani plus bulbocavernosus weight
Epididymal and testis weights and histology

Optional measures
Serum testosterone, estradiol, LH, prolactin and tri-iodothyronine (T3)
Liver, kidney, adrenal and pituitary weights and histology
ex vivo testis and pituitary hormone production
Hypothalamic neurotransmitter levels

Abbreviations: ANOVA, analysis of variance; AR, androgen receptor; CV, coefficient of variation; DA, dopamine; DDE, 1,1-
dichloro-2,2-his(4-chlorophenyl)ethylene; DHT, dehydrotestosterone; dp, dorsal prostate; EDSTAC, Endocrine Disrupters
Screening and Testing Advisory Committee; EOP, endogenous opioid peptide; Epi, epididymis; FSH, follicle-stimulating
hormone; GABA, gamma amino butyric acid; GD, gestation day; GH, growth hormone; GHRH, growth hormone releasing
hormone; GnRH, gonadotropin-releasing hormone; H2, histamine; HCG, human chorionic gonadotropin; HPG axis, hypotha-
lamic-pituitary-gonadal axis; HPTE, 2,2-bis-(p-hydroxyphenyl)-1,1,1-trichloroethane; HSD, hydroxysteroid dehydrogenase;
IGF-1, Insulin-like growth factor 1; ip, intraperitoneal; LABC, levitor ani/ bulbocavernosus; L C, Leydig cell; LH, luteinizing
hormone; Lhr, luteinizing hormone receptor; L P, lateral prostate; ME, median eminence; NE, norepinephrine;t NM DA, N-
methyl-p-aspartate ; NPY, neuropeptide Y; 4-OHE2, 4-hydroxyestradiol; 2-OHE2, 2-hydroxyestradiol; PND, postnatal day;
PPS, preputial separation; PRL, prolactin; PTU, propy! thiouracil; 5aR, 5 aphareductase; sc, subcutaneous; SE, standard
error; SV, seminal vesicle; T, testosterone; T1S, Tier 1 screen; T3, 3,5,3, triiodothyronine; T4, thyroxine or 3,5,3',5'-
tetraiodothyronine; TCDD, dioxin or 2,3,7,8-tetrachlorodibenzo-p-dioxin; TSH, thyroid-stimulating hormone; VP, ventra
prostate.
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TABLE 1 (continued)
Research Protocol for Assessment of Pubertal Development and Thyroid Function
in Immature (23- to 53-Day Old) Male Rats

A.

General Conditions

Rats are housed in clear plastic cages (20 x 25 x 47 cm) with heat-treated (to eliminate resins that induce
liver enzymes) laboratory-grade pine shavings as bedding. Animals are maintained on a complete and
balanced laboratory diet and tap water ad libitum, in a room with a 14:10-h photoperiod (lights on at 0500 h,
off at 1900 h), temperature of 20 to 24°C and a relative humidity of 40 to 50%. Reasonable variations of this
portion of the protocol should be acceptable when documented and justified.

Animals-juvenile male rats

The study will use male Sprague-Dawley or Long-Evans hooded rats weaned on day 21. The litters may be
derived from individually housed pregnant females that were bred in house matings or purchased from a
supplier as “timed pregnant” on days 7 to 10 of gestation. Enough litters should be available to assure that a
sufficient number of juvenile males are available to meet the requirement of 15 pups per treatment group. To
maximize uniformity in growth rates, the litters are culled to eight to ten pups per dam at postnatal day 3 or
4, and body weight should be monitored on a weekly basis with any unthrifty litters or runted pups excluded
from the study. On day 21, the pups are weighed to the nearest 0.1 g and weight ranked. A population of
male rats that is as homogeneous as possible is selected for the study by eliminating the “outliers” (i.e., the
largest and smallest of the pups with a range of 8 grams above and below the mean used as a guideline).
Pups are then assigned so that treatment groups exhibit similar body weight means and variances. In this
regard, one nuisance variable, i.e. body weight at weaning, is experimentally controlled. After assignment to
treatment groups, similarly treated males can be housed 2 to 3 per cage

Experimental Design

The design is a randomized complete block (body weight at weaning is the blocking factor) design with 15
weanling male rats in each of two treatment groups. The treatment conditions are (1) vehicle treated, and (2)
xenobiotic treated. If necessary, the study can be conducted in blocks rather than at one time. In this case,
the blocks should contain all treatment conditions and balanced with respect to numbers of animals in each
block (i.e., two blocks with two treatment conditions, with eight males/treatment/block). Varying dosage levels
of the xenobiotic can be tested, although only one high dosage level at or just below the maximum tolerated
dose (MTD) or limit dose is required.

Treatment

Treatments are administered daily by oral gavage beginning at 23 days of age and continuing through 53
days of age. The dose should be administered between 0700 and 0900 h using an 18-gauge gavage needle
(1 inch length, with a 2.25 mm ball) and a 1 cc glass tuberculin syringe in a volume of 2.5 to 5.0 ml corn oil/
kg body weight. Doses should be administered on a mg/kg body weight basis which are adjusted daily for
weight changes. Body weight (nearest 0.1 g) and the volume of the dose administered (nearest 0.1 ml) are
recorded daily.

Preputial Separation (PPS)

Males are examined daily for PPS. The appearance of partial and complete PPS, or a persistent thread of
tissue between the glans and prepuce should all be recorded if and when they occur. In addition, the weight
at complete PPS should be recorded.

Necropsy

The method of euthanasia on PND53 will depend on the endpoints desired. If pituitary hormone analyses are
not included, the males may be killed with CO2 on the last day of treatment. If pituitary hormone analyses
are to be included the males should be killed by decapitation, which is conducted in a room separate from
the housing area and within 15 s of the animal’'s removal from the cage. Blood is collected, centrifuged, and
stored in siliconized microcentrifuge tubes at —20°C for subsequent thyroxine (T4) and TSH measurements.
At necropsy, the testes, the paired testicular, paired epididymal, liver, ventral prostate, seminal vesicle (with
coagulating glands and fluid), levator ani plus bulbocavernosus muscles, to the nearest milligram and body
weights (nearest 0.1 g) should be recorded. During necropsy care must be taken to remove mesenteric fat
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TABLE 1 (continued)

from the seminal vesicles and coagulating gland so that the weight of these tissues may be recorded with
and without fluid. The thyroid, testes, and epididymides are prepared for histological evaluation by placing
them in Bouin’s fixative for 24 h, after which they are rinsed and stored in 70% alcohol, until being embedded
in paraffin, sectioned and stained with hematoxylin and eosin.

G. Statistical Analysis

All data (age at PPS, weight at PPS, body and organ weights at necropsy, and serum hormones) are
analyzed using multivariate analysis of covariance with the body weight at weaning as the covariate. If the
treatment x body weight interaction is not significant, then differences among treatment means may be tested
using a two-tailed test. Combining all endpoints into a MANCOVA will assure that the issues involving
multiple comparisons because of the number of endpoints examined will be properly addressed. If data
display heterogeneity of variance, then appropriate data transformations or the use of nonparametric analysis
should be employed. Often log transformation of serum hormone data is required because the variance is not

proportional to the mean.

H. Data Summary

Tables providing data from individual animals should be provided in conjunction with a summary table
providing the mean, standard error of the mean (SEM), and sample size for each treatment group. The
mean, SEM, and CV values for the control data should be examined to determine if they meet acceptable
QA criteria for consistency with normal values. Data presented should include age and weight at PPS,
testicular, epididymal, ventral prostate, seminal vesicle (with coagulating glands and fluid), levator ani, liver
and body weights at necropsy, body weight change from day 21 to necropsy and serum T4 and TSH. Data
may be also be presented after covariance adjustment for body weight, but this should not replace presenta-
tion of the unadjusted data. A summary of any histological findings should be included.

parameters (i.e.,, PND 23-53). In the final section,
we offer comment on the potentia strengths and
limitations of the protocol itself in light of the
literature review.

IIl. PUBERTAL MATURATION
IN THE MALE RAT

Puberty isthe transitional period between the
juvenile and adult state in which sexual matura-
tion beginsin the hypothal ami c—pituitary—gonadal
(HPG) system, leading to the development of sec-
ondary sex characteristics and fertility. The three
primary controllers in the HPG axis are gonado-
tropin-rel easing hormone (GnRH) neurosecretory
neurons within the hypothalamic arcuate nucleus,
the pituitary gonadotropes (which secrete lutein-
izing hormone and follicle stimulating hormone)
and lactotropes (which secrete PRL), and the go-
nadotropin-responsive elements within the testes
(Leydig and sertoli cells).

Thebasic mechanismsinvolvedinthe progres-
sion of sexual maturation are conserved across most
species. Many of the endocrine-mediated events

that are involved in this progression in the rat are
smilar to other mammalian species, including hu-
mans. For example, the control of GnRH, the re-
lease of gonadotropins from the pituitary, and the
steroid positive and negative feedback are rela
tively consistent acrossmammalian species (Ojeda
and Urbanski, 1994). However, there do appear to
be several differences between the human and rat
pubertal progression. For example, male rodents
do not display a postnatal period of testicular qui-
escence analogous to that in the human juvenile
period, but rather show initiation and progression
of testicular development at avery early age (Ojeda
and Urbanski, 1994). Postnatal sexual development
in the male rat has been classified into four peri-
ods: (1) neonatal, postnatal day (PND) 1-7, (2) in-
fantile (PND 8-21), (3) juvenile, (PND 22-35), and
(4) peripubertal, (PND 36- 55 or 60), at whichtime
the first mature spermatozoa appear in the vas def-
erens (Clegg, 1960; Ojedaet al., 1980). In therat,
testicular descent normally occurs after PND 15.
The separation of the foreskin of the penis from
the glans, preputia separation (PPS), is an early
marker of the progression of puberty, which nor-
mally occurs between 40 and 50 days of age with
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an average of 43 days, depending on therat strain
(Korenbrot et d., 1977). Thefirst spermatozoa are
observed in the lumen of the seminiferoustubules
by 45 days of age (Clermont and Perey, 1957), and
reach the vas deferens by 58 days (Clegg, 1960).

The mechanisms underlying the onset of pu-
berty in the male rat are not as clearly defined as
in the female (see accompanying review). Also, the
onset of puberty in the male, within the HPG, isa
more gradual progression when compared with the
femae (Ojeda and Urbanski, 1994). Unlike the fe-
male, the interrelationship within the HPG is al-
ready functional during late gestation, with thefirst
few postnatal weeks representing a period of syn-
chronization of the system (see Table 2 for ontog-
eny of some of the receptorsand hormonesinvolved
in this synchronization). There is much agreement
in the current literature that the primary events that
et into motion the onset of male puberty originate
within the central nervous system, with the testes
playing a critical role. The subsequent testicular
changes that take place during the juvenile and
peripubertal periods, including the increased sen-
sitivity of the testes to stimulation by gonadotro-
pins, play pivotal rolesin several aspects of adult
function, including behavior, spermatogenesis, and
maintenance of accessory sex organs. In addition
to those changes within the HPG, other factors can
affect thetiming of puberty inthe malerat, includ-
ing nutritional status (Ieptin/body weight) and envi-
ronmental (pineal gland/secretion of indoleamines)
influences.

. HYPOTHALAMIC-PITUITARY AXIS

Asmentioned above, thereis general consen-
sus that the central nervous system (CNS) is the
primary initiator of the onset of puberty inthemale
rat. However, the exact sequence of change and
mechanismsinvolved are yet to be elucidated. Key
to this assumption are observations that include
prepubertal changesin (1) GnRH neuronal shape,
(2) GNRH release, and (3) the concentration of neu-
rotransmitters and other trophic molecules within
the hypothalamus that regulate GnRH release. To
support further the role of the CNS as the primary
sitefor theinitiation of puberty, it hasbeen shown
that prior to puberty the male rat is fully capable
of responding to GhRH with robust increases in
LH and subsequently testosterone and the fact
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that hCG will fully stimulate steroidogenesis at
these times (Cicero et al., 1986).

A. Gonadotropin-Releasing Hormone

GnRH is secreted in a pulsatile manner from
the median eminence of the hypothalamus into
thehypophyseal porta vessals, and, inturn, it stimu-
lates the rel ease of luteinizing hormone (LH) and
follicle-stimul ating hormone (FSH) from the pitui-
tary. As puberty approaches, the GnRH neurons
in the male rat undergo morphological changes.
Thereisanincreasein the proportion of cellswith
spiny-like processes relative to the smooth pro-
cesses seen prior to puberty (Wray and Hoffman,
1986). Thismay reflect a puberty-related increase
in the number of synapses on the cells, because it
has been shown that spiny GnRH neurons have a
greater number of endings (Jennes et al., 1985),
which leads to an enhancement of the pubertal
rise of gonadotropin secretion. Thisrise in gona-
dotropin secretion, in turn, stimulates the growth
and maturation of the testes.

The pulsatile release of GnRH also shows a
doubled pulse frequency between the infantile
(15 days) and the peripubertal periods (50 days)
in the male rat (Bourguignon et al., 1994). The
initiator of this increased pulsatility has some-
times been termed the “GnRH-pulse generator”,
which signifies a network of neurons that are in-
volved in the coordinated synchronous pattern in
which GnRH cells discharge their products into
the hypophyseal portal blood (Evans and Karsch,
1995). Several observations suggest that this in-
crease in frequency prior to puberty may be due
to a combination of changes that take place in
neuronal inputs, with “activation of excitatory” or
“deactivation of inhibitory” inputsto GhRH neu-
rons (Ojeda and Urbanski, 1994). Among the nu-
merous CNS cell types controlling GnRH neurons,
there are three stimulatory and two inhibitory neu-
rotransmitter systems that appear to be most pre-
dominant (Crowley et al., 1995). The excitatory
neurotransmitter systems include norepinephrine
(NE) (Ramirez et d., 1984), neuropeptide Y (NPY)
(Crowley et al., 1995), and the excitatory amino
acids (EAA) (Ojedaand Urbanski, 1994), whereas
the inhibitory neuronal systems include y-amino-
butyric acid (GABA) (Mosotto and Negro-Vilar,
1987; Terasawa, E, 1995) and the endogenous
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opioid peptides (EOPs) (Bhanot and Wilkinson,
1983).

Although it hasbeen proposed that theremay be
a “loss of central restraint” or deactivation of in-
hibitory input involved in the prepubertal increase
in GnRH activity, such astheremoval of opiate or
GABAergic input, support for this hypothesisis
limited (Nazian, 1992; Ojedaand Urbanski, 1994).
However, it is has been shown that GABA stimu-
lates GNRH release in the immature male rat and
isinhibitory intheadult male (Feleder et al., 1996),
aphenomenon also observed inthefemale. There-
fore, GABA may participate in pubertal develop-
ment by playing a dua role in the neuronal con-
trol of GnRH release.

Similarly, the endogenous opioids appear to be
inhibitory to GnRH in the adult male but without
effect in the immature animal, a change in func-
tion that has been attributed to maturation of the
opioid system following the peripubertal testoster-
onerise(Nazian, 1992). Na oxone, an opioid antago-
nist, has an effect on LH that is coincident with
the onset of puberty (Bhanot and Wilkinson, 1983;
Blank et d., 1979; Cicero et d., 1991), which im-
plies that the EOPs that tonically inhibit LH se-
cretionin adultsareinactive before puberty (Cicero
et a., 1993). Thus, like GABA-nergic action, it
appears that marked differences are present be-
fore and after sexual maturation in the response of
the HPG to opiate agonists and antagonists.

Inthe male, substantial evidence supportsthe
hypothesis that a “central drive’ or activation of
excitatory inputs, such as activation of the excita-
tory amino acids (glutamate and aspartate) isin-
volved in the initiation of puberty in the male.
Glutamate and aspartate operate viathe glutamate
receptors of the N-methyl-p-aspartate (NMDA)
subtype (Bourguignon et a., 1994; Bourguignon
et al., 1990; Goldsmith et al., 1994). The activa-
tion of the NMDA receptors increases before the
onset of puberty in a gonadal-independent man-
ner (Bourguignon et al., 1992; Bourguignon et al.,
1990). Therefore, the initiation of puberty could
involve a facilitory effect of an EAA mediated
through NMDA receptors. Thereis aso evidence
that glutaminase activity (which convertsglutamine
to glutamate) hasincreased activity at the onset of
puberty, which parallelstheincreased GnRH pul-
satility and secretion (Bourguignon et a., 1994).
In addition to the NM DA receptors, there is some
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evidencethat those EAAsthat operate viathe kain-
ate receptor subtype may aso be involved in the
regulation of GnRH activity prior to puberty in
the mae rat (Pinilla et a., 1998).

Itiswell known that the neurotransmitters nor-
epinephrine (NE) and dopamine (DA) modulate
therelease of GnRH. NE primarily hasafacilitory
effect on therelease of GnRH, whereasthe effects
of DA are more complex, with both stimulatory
andinhibitory effects(Barraclough and Wise, 1982).
NE stimulates the release of GnRH by binding to
the a pha-noradrenergic receptor (i.e., LH release
can be effectively decreased by a pha-adrenergic
antagonists or by drugs that depress NE synthe-
sis). DA isprimarily considered to be inhibitory to
gonadotropin release, because an inverserelation-
ship is observed between DA turnover in the me-
dian eminence and plasmaLH levels (Naumenko
and Serova, 1976). Changesin the activity of these
neurotransmitters take place during the pubertal
onset period. For example, Matsumoto et al. 1986
showed an increase in hypothalamic GnRH, NE
and DA concentration, and NE turnover rate (i.e.,
neuronal activity) between 36 and 56 days of age.
This change does not appear to be influenced by
gonadal hormones(Choi and Kellogg, 1992), which
isfurther evidence for acentral onset of puberty in
the male. Raum and Swerdloff, 1986) found that
apha-methyl-p-tyrosine (AMPT), a tyrosine hy-
droxylase inhibitor, increased serum LH and tes-
tosterone (T) on PND 15 and 23, but had the
opposite effect on PND 38, 56, and 72. This
suggested that the action of these neuronal sys-
tems changed during puberty from an inhibitory
to stimulatory action.

In female rats, it has been proposed recently
that glial cellsalso participatein the central control
of mammalian puberty (Ojedaand Ma, 1998). Astro-
cytes affect GhRH neuronal function viacell-cell
signaling mechanisms involving severa growth
factorsacting viareceptors endowed with tyrosine
kinase activity. It has been shown that two mem-
bers of the epidermal growth factor/transforming
growth factor al pha (EGF/TGFa) family, and their
respective receptors play arole in the glial-neu-
ronal interactive process that regulates GnRH
secretion. TGFa and neuregulin are produced in
hypothalamic astrocytes and are able to stimulate
GnRH release indirectly via activation of their
receptors located on the astrocytes and not on the



neurons. Activation of the EGF receptor by TGFa,
or the erbB2/erbB4 receptor complex by neuregu-
lin, leadstoglial release of prostaglandin E2, which
in turn acts on the GnRH neurons to stimulate
release. In the female, a central blockade of these
two receptorsdelays puberty and focal overexpres-
sion of TGFa advancesit (Ojeda and Ma, 1998).
Therefore, these growth factors are considered to
be components of the central mechanism control-
ling the initiation of puberty in females.

Another growth factor, insulin-like growth fac-
tor 1 (IGF-1), has also been shown to affect GnRH
release in the median eminence, where the high-
est density of IGF-I receptorsislocated (Copeland
etd., 1990; Hiney etd., 1991). In primary cultures of
male rat anterior pituitary cells, IGF-I induced a
dose-dependent release of LH inresponseto GnRH
(Soldani etd., 1995). Plasmalevelsof IGF-1 change
during the onset of puberty in both rodents and
primates (Handelsman et al., 1987). The IGF-1
levelsinvolved in the changesin GnRH secretion
during puberty do not appear to be from a periph-
eral source such as the gonadal secretion of 1GF-I
(Ojeda and Urbanski, 1994), but from a hypotha-
lamic source (Pazos et al., 1999). For example, the
administration of IGF-I antibodies by intraven-
tricular infusion to 28-day-old male rats resulted
in areduction in testicular weight and serum tes-
tosterone with a subsequent delay in pubertal de-
velopment (Pazos et al., 1999).

A biopeptide, NPY, isalsoinvolvedin theregu-
lation of GnRH releasein the adult through stimu-
lation of the catecholaminergic input to the GnRH
neurons. However, during development the con-
tent of NPY in the ME of males changeswith age
becoming maximum at PND 30 and then decreas-
ing during sexual maturation (Corder et al., 1992).
Increased NPY was aso observed in male rats
with delayed sexual maturation induced by injec-
tions of melatonin. These males had decreased
pituitary GnRH receptor content and decreased
testosterone secretion during treatment. Thisfind-
ing suggests an inhibitory maturational signal for
NPY during puberty in the male, which has also
been observed coincident with food restriction dur-
ing sexual maturation (Gruaz et a., 1993).

GnRH receptorsare aready present inthemale
rat’s pituitary by GD 16 (Aubert et al., 1985) and
then increase during pubertal development along
with hypothal amic receptor content (Table 2). The

earliest measurement of serum LH and FSH oc-
curred at GD15for LH and GD19 for FSH (Ojeda
and Urbanski, 1994), suggesting that the pituitary
is responsive to GNRH at this stage in develop-
ment. Postnatally, thereis an increase in pituitary
GnRH receptorsand content of LH at about 30 days
of age, which declines to adult levels by 60 to 80
days of age (Dalkin et al., 1981) (Table 2). This
increase may be due to the rising testosterone lev-
els, becauseit has been shown that testosterone can
potentiate the pituitary response to GnRH in im-
mature but not adult animal s (Nazian and Mahesh,
1979).

B. Luteinizing Hormone

Itiswell known that LH stimulates testoster-
one secretion by a direct action on the Leydig
cells. There has been considerabl e controversy over
whether LH secretion increases as puberty ap-
proaches, with some laboratories reporting an in-
crease beginning around PND 36t045 (i.e., Dohler
and Wuttke, 1974; Ketelslegers et ., 1978; Lee
et a., 1975). However, many more studies have
found no alterations over the course of puberty in
the male (i.e., Chiappa and Fink, 1977; Kamberi
et a., 1980; Matsumoto et a., 1986; Ojeda and
Urbanski, 1994). These inconsi stencies have been
suggested to be due to the pulsatile manner in
which LH is released, even prior to and during
puberty (Kimuraand Kawakami, 1982), which can
causeincreased variability. Thereis, however, an
increasein pituitary content of LH (peak) at about
30 days of age, which reaches adult levels by 60
to 80 days of age (Debeljuk et a., 1972; Duncan
et al., 1983) (Table 2). In addition, thereis a maxi-
mum release of LH in responseto GnRH between
35 and 45 days of age, which is likely due to the
rising testosterone levels, because, as previously
mentioned, testosterone can potentiate the pitu-
itary responseto GnRH inimmature males (Nazian
and Mahesh, 1979). Although only subtle changes
in serum LH are observed during puberty, thereis
an increased sengitivity of the testesto LH prior to
puberty dueto other hormonal influencesthat facili-
tate an upregulation of LH receptors (Kamberi et
a.,1980; Oddll etd., 1973; Vihkoet al., 1991). LH
receptors appear on the fetal testes around GD 15
and show a continuous increase in concentration
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and total number with advancing age and testis
growth. The major rise in receptor concentration
occurs between PND 15 and 38, in parallel with
the rise in plasma FSH and increased testicular
growth (Ketelslegers et a., 1978) (Table 2).

C. Follicle-Stimulating Hormone

In contrast to the controversy over alterations
in LH levels during puberty, there is agreement
that FSH secretion increases prior to puberty in
the male rat and that this hormone plays a vital
role in the onset of puberty. FSH secretion rises
during early postnatd life, reaches a maximum be-
tween 30 and 40 days of age, and then falls gradu-
ally astestosterone secretion increases, to remain
low throughout adulthood (i.e., Ketelslegerset al.,
1978; Matsumoto et al., 1986; Negro-Vilar et a.,
1973a; Swerdloff and Walsh, 1973) (Table 2). A
maximum release of FSH in responseto GNRH is
observed between PND 25 and 35 (Dullaart, 1977).
It is possible that the hormone inhibin, which is
secreted by the seminiferous tubules and inhibits
FSH release, playsarolein theincreasein serum
FSH during puberty. Thereisan inverse relation-
ship between inhibin levels and serum FSH, with
an increase in inhibin from PND 3 to 20 and a
decrease at PND 25 (Saito, 1995; Sharpe et .,
1999) (Table 2).

FSH bindsto the Sertoli cellswithin the semi-
niferous tubules to facilitate spermatogenesis at
puberty (Steinberger, 1976), and FSH hasal so been
shown to enhance the production of steroid bio-
synthetic enzymes (Murono and Payne, 1979). The
concentration of FSH receptors within the semi-
niferous tubules reaches a peak between PND10
and 15 and then fallsto aconstant level by PND 25
(Keteldegerseta., 1978) (Table 2). Asmentioned,
FSH also increases LH receptors in the testis, a
phenonmenon important for the increased pro-
duction of testosterone during puberty (Odell et
al., 1973). These abservations demonstrate that the
early development of these testicular FSH recep-
tors, followed by theincreased serum FSH levels,
promotes testicular growth and the formation of
LH receptors (Huhtaniemi et al., 1982; Odell and
Swerdloff, 1976), which may occur through para-
crinemechanisms (Vihko et al., 1991). Testicular
growth paralels the FSH increase (Ojeda and
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Ramirez, 1972) and as the testes develop, serum
FSH levels fdl, even though mean LH levelsin-
creasedightly or remainrelatively unchanged (Sheth
et al., 1980). Thefdl in FSH that occursfollowing
40 days of age cannot be explained by alterations
in the concentrations of inhibin or inhibin recep-
tors because inhibin levels and inhibin binding
sites on the pituitary gland continue to decrease
with age (Sheth et al., 1980).

D. Prolactin

Serum prolactin levels are low until PND 20
and then rise significantly between 25 and 40 days
of ageintherat (Becu and Libertun, 1982; Dohler
and Wuttke, 1975; McCann et al., 1974; Piacsek
and Goodspeed, 1978) (Table 2), with maximum
prolactin levels coinciding with the start of accel-
erated growth in the prostate and seminal vesicle
glands. It iswell known that dopamine (DA) and
thyrotropin-releasing hormone (TRH) can inhibit
and stimulate the release of prolactin from the
pituitary inthe adult animal, respectively. Dopam-
ine reaches the anterior pituitary through the hy-
pophyseal portal vessels, and, as mentioned, plays
amajor role in prolactin inhibition. The gradual
increase in prolactin levels during the third week
of lifeisnot related to a decrease in dopminergic
inhibition but to an increase in the efficiency of
prolactin-releasing factors such as estrogen, sero-
tonin, and opiates (Becu-Villalobos et al., 1992).
However, the responsiveness of the pituitary to
the PRL-inhibiting effects of DA does increase
during sexual maturation, beginning on PND21
(Karanth et al., 1987). For example, in the imma-
ture 25- to 30-day-old male, i.v. infusion of 160
Mg of dopamine was necessary to inhibit PRL at
15 and 30 min, while at 50 to 55 days 40 ug was
effective, and at 75 to 80 days only 10 ug was
needed to inhibit PRL release (Nazian, 1983). In
addition, theactivity of tyrosine hydroxylase (TH)
and aromatic amino acid decarboxylase (enzymes
involved in dopamine synthesis), as well as the
neonatal content of dopamine, increases with age
(Hedner and Lundborg, 1981; Lamprecht and Coyle,
1972). Inthe median eminence, TH activity mark-
edly increases from PND 10 to 20 and remains
elevated through PND39. About thistime dopam-
ine receptor antagonists, such as pimozide and
hal operidol, are ableto affect prolactin rel ease (Becu



de Villalobos et al., 1984). There also appears to
be a peptidic nondopaminergic prolactin-inhibit-
ing factor that disappears as the males mature
(Laudon et al., 1989). It has been suggested that
thisfactor may be gonadotropin-rel easing hormone-
associated peptide (GAP) (Becu-Villaloboset al.,
1992).

Other changes that may be involved in the
pubertal rise of prolactin secretion around the third
postnatal week include changes in serotonin and
opioid activity. For example, from PND 20 onward
males are more sensitive to the prolactin-releasing
effect of serotonin (Becu and Libertun, 1982). This
has also been reported by Bero et al., 1987, who
showed that a 5-HT receptor agonist and
p-chloroamphetamine (an agent that stimulates
serotonin release) stimulated prolactin release be-
ginning on PND 15. The opioid control of prolac-
tin during this period follows a similar pattern.
For example, morphine increases plasma prolac-
tin levels in 13- and 36-day-old rats, as well as
adult males (Johnston and Negro-Vilar, 1986).
However, naloxoneisonly ableto lower prolactin
in peripubertal males (Blank et al., 1980), with no
effectsprior to PND 36. This observation suggests,
as previously mentioned, that the opioid regula-
tion of prolactin occurs between PND 13 and 36.

Histamine (H2) has also been shownto increase
prolactin release during the third postnatal week.
However, administration of cimetidine, an H2
antagonist of histamine, significantly increases
serum prolactin beginning on PND 20 (Becu and
Libertun, 1983).

Thus, it appears that the increases in serum
prolactin about the third postnatal week require a
maturation of the hypothalamic neurons at that
time. Interestingly, it has been suggested that mor-
phologic changes may account for the changesin
prolactin regulation, because the number of axo-
dendritic and spine synapse formations in the ar-
cuate nucleus increase two- to threefold between
PND 10 and 45 (Matsumoto and Arai, 1981).

1. Effects of PRL on Testes and Sex
Accessory Tissues

Theincreasing levels of serum prolactin prior
to and during puberty have been suggested to be
involved in testicular and accessory organ devel-

opment and may facilitate the actions of luteiniz-
ing hormone, FSH, and testosterone on mal e sexual
organs (Becu and Libertun, 1982; Negro-Vilar et
al., 1973a). Theinitiation of therapid growth of the
testes at PND25 (e.g., Figure 1d) has been corre-
lated with elevations of FSH and PRL. A pituitary
graft under the kidney capsule, which would allow
increased prolactin secretion free of dopaminergic
inhibition, resulted in early preputial separation
(Aguilar et a., 1988). It is believed that increases
in prolactin cause an advancement in sexual matu-
ration by synergizing with the action of LH and
testosterone on male sex organs (de Jong and van
der Schoot, 1979; Holland and Lee, 1980). This
has been shown in the adult, with prolactin modify-
ing androgen uptake in the prostate (Holland and
Lee, 1980). Administration of a combination of
prolactin and testosterone to castrated rats resulted
in an increase in the weights of the sex accessory
tissuesthat was greater than treatment with testos-
terone alone (Keenan and Thomas, 1975).
Prolactin receptors are also present in the tes-
ticular interstitial cells (Charreau et ., 1977), and
prolactin has been shown to enhance testicular
responsiveness to LH by increasing the number
of LH receptors on the testes (Hafiez et ., 1971,
Johnson and Brown, 1974; Kamberi et al., 1980;
Kolenaand Sebokova, 1983; McNellly et a., 1979;
Purviset al., 1979; Zipf et d., 1978). The reverse
is aso true: at 30 days and later, treatment with
the dopamine receptor agonist bromocriptine will
suppress prolactin secretion and reduce LH bind-
ing to receptors in Leydig cells (Aragona et al.,
1977). Bromocriptine treatment halves the num-
ber of LH receptors per million Leydig cells and
reducesthein vitro steroid response of these cells
to hCG (Purviset a., 1979). In addition to having
a direct stimulatory effect on the number of LH
receptors on rat Leydig cells, prolactin also ap-
pears to act synergistically with LH to stimulate
the quantity of androgen produced by the Leydig
cellsin response to hCG in vitro and to increase
the sensitivity of the hCG dose-response. There-
fore, it appears that prolactin may play akey role
in maintai ning the functional integrity of rat Leydig
cells. Because of the effect of prolactin on LH
responsivenessof theLeydig cells, adose of nal ox-
one (an opioid antagonist that decreases prolactin
levels) peripubertally (PND 51-58) resultsin de-
creased serum androgen (Maric et al., 1987).
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It has also been suggested that prolactin may
play a direct role in the maintenance of normal
testicular steroidogenesis (Huhtaniemi et al.,
1984). Prolactin has been shown to suppress the
activity of 5a-reductase (which catalyzesthe con-
version of T to dihydrotestosterone or DHT) in
the developing rat brain (Martini et a., 1978) and
the adrenal cortex (Witorsch and Kitay, 1972).

Also, the growth of the sex accessory tissues
can be associated with the secondary rise in pro-
lactin beginning at 50 days of age (Negro-Vilar et
al., 1973b). Other studies (Krall and Spring-Mills,
1982; Negro-Vilar et a., 1977) have reported that
prolactin can stimulate growth of the ventral and
dorsolateral prostate and increase seminal vesicle
weights in castrated immature (21-day-old) male
rats and also reverse the stromal proliferation and
epithelial degeneration that normally follows pre-
pubertal castration.

Specific binding sites for prolactin have been
detected in membrane preparations from the tes-
tis, epididymis, seminal vesicles, and prostate of
immature male rats (Aragona and Friesen, 1975).
Specific binding sites for prolactin in the testis
increased dlightly from PND 20 to 70 in the rat.
However, the highest specific binding was found
in the prostate of 20-day-old pups. By compari-
son, the prostate of 270-day-old males had 10%

as much specific binding. Specific binding of
PRL in the Leydig cell was highest on PND 45
(Aragonaet al., 1977), which correlates with the
increased serum concentration of this hormone at
this age. Thus, prolactin could be more effective
in promoting prostate growth in young than in
adult rats. It isinteresting to notein the context of
this paper that estrogen or castration lower pro-
lactin binding to prostatic membranes (Aragona
and Friesen, 1975).

E. Growth Hormone

Although exogenously administered growth
hormone (GH) has been shown to increase the
release of LH and testicul ar responsivenessto LH
during sexual devel opment (Kamberi et al., 1980),
testicular endocrine function is normal in GH-
deficient rats (Bartlett et al., 1990). GH-deficient
rats also show normal spermatogenic function dur-
ing pubertal development (Bartlett et a., 1990), sug-
gesting that GH plays no role in spermatogenic
function during puberty and adult life. However,
areduction intesticular size may reflect areduced
Sertoli cell population, suggesting that GH may
be of importance in prepubertal testicular devel-
opment (Bartlett et al., 1990).
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GH is regulated by two hypothalamic pep-
tides, somatostatin (growth hormone rel ease inhi-
biting factor) and growth hormone releasing factor
(GHRH), with somatostati n bei ng the dominant con-
trolling factor intherat (Wehrenberg et a ., 1982).
The serotonergic and endogenous opiate systems
areinvolved in regulation of GH secretion in rats
and these systems are functional within the first
postnatal week; however, the noradrenergic mecha
nism that triggers the surges of GH in the adult
does not mature until after puberty (Kuhn and
Schanberg, 1981). Hypothalamic somatostatin
levels rise neonatally and peak around PND 28,
followed by a decline toward puberty (Walker et
a., 1977). In early puberty, between PND 33 and
40, rat GH pulse amplitude increases more than
tenfold in both sexes. By late puberty, between
PND 41 and 54, pulse amplitude further increases
twofold in both sexes (Gabriel et al., 1992). Pitu-
itary GH rises throughout the neonatal period to
peak on PND 16 and peaks again by PND 60.

GH secretion is influenced by multiple fac-
tors, including gonadal steroids and IGF-I. There
exists asynergistic effect of both GH and the sex
steroids on growth during the normal pubertal
process, with an androgen-mediated enhancement
of both hypothalamic GRF release and pituitary
GH secretion (Wehrenberg and Giustina, 1992).
It appears that a low dose of estrogen and a high
dose of testosterone are able to augment GH re-
lease, in part, at thelevel of thepituitary (Copeland
eta., 1990). IGF-1, however, appearstoinhibit GH
at the level of the pituitary (Copeland et al., 1990;
Y amashita and Melmed, 1986), and increase hy-
pothalamic somatostatin release inhibiting factor
production (Berelowitz et a., 1981). There also
appears to be an effect of GH on IGF-1 levels,
because in GH-deficient dwarf rats, sex hormone
levels appear normal, but thereisno risein IGF-1
at puberty asnormally seen (Bartlett et al., 1990).
Thislow | GF-1 wasd so demongtrated by Arsenijevic
(Arsenijevic et a., 1989) when rats were immu-
nized against GHRH.

F. Feedback Regulation in the HPG Axis

After birth, testosterone secretion and the hypo-
thalamic-pituitary axis are regulated by negative
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feedback, which has been repeatedly demonstrated
by surgical intervention (e.g., Nazian and Mahesh,
1980). There is a higher threshold for the gona-
dotropin/gonadal steroid feedback mechanismin
the adult male (Gupta et al., 1975; Nazian and
Mahesh, 1980) when compared with theimmature
male, making the immature male more sensitive
to the feedback of testosterone. As this feedback
sensitivity decreases, the hypothal amic-pituitary
unit becomes more effective at stimulating testicu-
lar development, because there is less inhibition
of gonadotropins by testosterone. It has also been
reported that there is a decrease in hypothalamic
aromatase and 5a-reductase activity during the
peripubertal -adulthood transitiona period (L ephart
and Ojeda, 1990), suggesting that reduced hypo-
thalamic metabolism of testosterone to its active
metabolites estradiol and dihydrotestosterone may
represent a factor underlying the peripubertal de-
creaseinthe sengitivity to gonadal steroid feedback
that accompanies completion of sexual maturity.

Testosteronelevelsrisegradually from PND 20
to 40, and abruptly double by PND 50 (Matsumoto
etd., 1986; Monosson et a., 1999) (eg., Figure 1a).
Anincreased turnover ratein hypothalamic GnRH,
NE, and DA preceeds this increase in testoster-
one, rising between 36 and 56 days of age. At 56
days of age, thereisalso ademonstrable decrease
inthe hypothalamic-pituitary sengitivity to T’ snega-
tive feedback when compared with 36 days of age.
These observations have led to the “gonadostat
theory” for the onset of puberty, where in a de-
crease in hypothalamic-pituitary sensivity to
testosterone’s negative feedback is postulated to
allow intensive testicular production of testoster-
one. These neuroendocrine changes occur first,
prior to the any noticeable change in circulating
testosterone levels (Monosson et al., 1999).

It has also been shown that the testes secrete
gonadal peptides, including | GF-I (Grizard, 1994),
which suggests that the previously mentioned
pubertal increases in plasma IGF-1 levels might
be attributed to either direct gonadal secretion of
IGF-I or to indirect effects of gonadal steroids on
the hypothalamus, pituitary, or liver. However, it
has been reported that the pubertal IGF-1 increase
in therat is not due to direct gonadal secretion of
| GF-I. Testosterone does not stimulate | GF-I gene
expression in the liver, or does it increase |GF-I
serum levels (Phillip et al., 1992).



IV. MODULATORY INFLUENCES
ON PUBERTY ONSET

A. Growth/Leptin

Nutritional status and body weight of mam-
mal's have been well recognized as having effects
on reproduction and puberty, which are suggested
to reflect the metabolic signals in the brain that
serve asindices of the metabolic state. It has also
long been suggested that alow body weight may
contributeto adelay in puberty (Kennedy and Mitra,
1963), with food restriction resulting in adelay in
pubertal onset and refeeding reversing the delay
(Kennedy and Mitra, 1963). However, other stud-
iesindicate that other factors, such as body fat and
and rate of body weight growth, are more impor-
tant than the attainment of a certain body weight
(Glass et a., 1987). These investigators used
weight-matched animals with varying patterns of
body weight growth to examine their theory of a
“critical body weight” requirement for pubertal
progression in male rats. They found that the
degree of sexual maturation correlated inversely
with body fatness (i.e., leaner animals were more
sexually mature) and rate of body weight growth,
but correlated directly with body length. Still oth-
ers hypothesize that a certain percentage of body
protein ismore likely to be a metabolic signal for
puberty (Wilen and Naftolin, 1978). Theideathat
metabolic alterations associated with weight loss
or decrease in growth rate are inhibitory to the
reproductive system may be related to substances
in the body that can alter the release of GnRH
such asinsulin, amino acids necessary for precur-
sors of neurotransmitter synthesis, and essential
fatty acids (Ojeda and Urbanski, 1994).

In addition to body weight, other signals of
nutritional status appear to be involved in the re-
productive status of theanimal. Leptinisaprotein
hormone and product of the “ obese gene” that has
been implicated in the control of food intake and
body weight (Zhang et al., 1994). It issynthesized
in and secreted by fat cells in response to im-
proved metabolic status, and it has the effect of
increasing general metabolic rate and activity lev-
els while decreasing appetite (Campfield et a.,
1995). Leptin receptors are present in the brain
(Cheung et al., 1997) and have been implicated as
a link between nutrition and fertility (Barash et

al., 1996). For example, mice with a mutation in
the gene encoding leptin are infertile (Swerdloff
et a., 1978).

Also, leptin decreases NPY, galanin (GAL),
mel anin-concentrating hormone (MCH), and pro-
piomelanocortin (POMC) gene expression in the
brain and increases the gene expression of neu-
rotensin (NT) (Sahu, 1998). These neuropeptider-
gic systems play important roles in feeding and
energy homeostasis.

Some toxicants administered during puberty
canresult in decreasesor increasesin body weight.
For example, in addition to its effects on centra
and peripheral reproductive tissue, estrogen also
has a direct effect on the CNS regions that regu-
|ate appetite by suppressing food intake (Reynolds
and Bryson, 1974). Estrogenic exposures during
puberty have also been shown to delay pubertal
progression. Thus, exposure to doses of 100 or
400 mg/kg of methoxychlor beginning on PND
21 resultsin asignificant decreasein body weight
and a delay in PPS (Gray et al., 1988). Whether
such adelay in puberty isdueto estrogen’ seffects
on reproductive target tissues, including the CNS,
a suppression of gonadotropins or its effects on
those CNS areas controlling the regul ation of body
weight or through both actions remains to be de-
termined. The effects on body weight regulation
appear to be at alow threshold dose of estrogen
(Wade, 1972), which would make it hard to dis-
cern the mechanism of the delay. In the female,
estrogen administered prior to puberty resultsin
an advance of puberty, despitethe decreasein body
weight. In this regard, the female pubertal assay
proves to be more sensitive to screen for estro-
genic compounds. Other compounds administered
peripubertally that resulted in a decreased weight
include tetrahydrocannabinol (THC) and propyl
thiouracil (PTU) (Table 3).

B. The Adrenal Gland

It hasbeen suggested that the adrenal gland plays
arole in puberty onset; however, most studies to
date have been done in the female because it is
moredifficult to alter male pubertal onset. Adrena-
lectomy can delay puberty in severa ways, includ-
ing the direct result of the decreased availability
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of corticosteroids (minera o- and glucococorticoids)
and medullary (epinephrine) hormones, anincrease
in pituitary ACTH secretion or the accompanying
decrease in body growth. In female rats, reports
suggest that ACTH may exert inhibitory effectson
the reproductive system via a direct action on the
hypothal amic/pituitary axis(Macfarland and Mann,
1977). Inmales, exogenous ACTH inhibits gameto-
genic development intheimmaturerat, which leads
to cellular degeneration of the testes (Kapil et .,
1979).

C. The Pineal Gland

Two types of pineal secretory products have
been described: indoleaminesand polypeptides. The
pineal gland plays arole in transducing environ-
mental information such as light or season into
secretory signals (Wurtman and Axelrod, 1966).
The pinea influence is mostly inhibitory and the
signal is primarily carried out by the secretion of
the indoleamine melatonin. Melatonin isthe prin-
cipal indoleamine responsible for the timing of
sexual maturation in the rat (Lang et al., 1984).

Inasmuch as the rat does not have a breeding
season, it would appear that at constant laboratory
conditions (such as temperature, long photoperi-
ods and ad libitum feeding), the pineal gland has
littlefunction (Reiter, 1980). However, theremoval
of the pineal gland in the male rat can advance
sexua maturity, and adaily injection of melatonin
can delay puberty, reduce the weight of the testes
and seminal vesicles, decrease serum testosterone,
LH and FSH and decrease the number of GnRH
receptors on the pituitary, but only if administered
during the late photophase (9 to 12 h after lights
on) in the juvenile-peripubertal period (Aubert et
al., 1988; Lang et ., 1985). The exact mechanism
of action of melatonin administered prepubertally
is not known. However, afew studies haveimpli-
cated a direct pituitary gland or gonada site of
action (Ellis, 1972; Martin and Sattler, 1982). It
appearsthat testosteroneisinvolvedintheregula-
tion of melatonin receptor density in the supra-
chiasmatic nuclei and pars tuberalis in the male
rat (Zitouni et al., 1996).

There has been much concern about effects of
melatonin during prepuberty in humans, asit has
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been linked to pubertal development in animal
models. Because of these concerns, melatonin is
not recommended for use as a deep aid in indi-
viduals under age 18, or in lactating or pregnant
women (Arendt, 1997). Elevated melatonin lev-
els are thought to function during prepuberty to
keep the HPG quiescent, exerting an inhibitory ef-
fect on pubertal development (Cavallo and Dolan,
1996; Commentz et a., 1997). Thelevelsthenfall
during puberty and adulthood.

Although few studies have examined the ef-
fects of toxicants on pineal gland functioning in
therat, several investigators have evaluated effects
following melatonin administration during the pre-
pubertal period. For example, melatonin analogs,
such as N-acetyl-serotonin and 5-hydroxytrypto-
phol, administered during the prepubertal period
have no effect on the HPG axis, as does the admi-
nistration of melatonin from PND20-40 (Table 3;
Langet al., 1983). Asdiscussed, melatonin admin-
istered from PND 20-40 (in the late photophase
only) resulted in a decrease in serum gonadotro-
pins, likely due to a decrease in GNRH receptors
(Lang et al., 1984). These effects during puberty in
the male may be mediated by an increasein NPY,
because it has been shown that NPY wasincreased
inmaleratswith delayed sexua maturationinduced
by injections of melatonin (Corder et a., 1992).

V. THYROID

The thyroid gland is a two-lobed endocrine
organ that secretesthyroid hormonesthat are criti-
cal for normal growth and differentiation and regu-
late metabolism in most organ systems. The pre-
cursorsof thyroid hormonebiosynthesisareiodide
and thyroglobulin. Biosynthesis and secretion of
the thyroid hormones are under a feedback con-
trol of the hypothal amic-(TRH-thyrotropin-releas-
ing hormone)-pituitary (TSH-thyroid stimulating
hormone)-thyroid axis (thyroid hormones-T3 and
T4). TSH regulatesthe synthesis of the two thyroid
hormones, thyroxine (3,5,3'-tetrai odothyronine or
T4) and 3,5,3'-triiodothyronine (T3), and stimu-
latestheir releaseinto thecirculatory system where
they bind to transporting proteins (in the rat, ei-
ther transthyretin or albumin) for peripheral distri-
bution. T4 is converted to the activeform, T3, by



Type | 5'-deiodinase in the liver or Type Il 5'-
deiodenase in the brain, pituitary, and brown adi-
pose tissue. The T3 then binds to its intracellular
nuclear receptor and stimulates gene transcription.

Typically in male rats, serum TSH increases
progressively from days 30 to 50 and is lower by
day 60, while pituitary TSH increases from days
21 to 50 and remains constant through day 80
(Table 2) (Simpkins et al., 1976). Administration
of exogenous TRH induced a significant eleva-
tion in serum TSH at 40 days, but was less effec-
tive on day 25 (Simpkins et a., 1976). This sug-
gests that serum TSH levelsincrease in male rats
at about the time of puberty and then decline, and
that changesin the response to TRH may account
in part for the increase in serum TSH levels dur-
ing development.

Thyroid hormones, besides being essential for
normal growth and devel opment, have been report-
ed to be protective of gonada functionsinthemale
rat. For example, Valle et a., 1985, have shown
that an induced hypothyroidism from prepuberty
to adulthood (by treatment with methimazolefrom
PND 40 to 140) caused delayed sexual maturation,
with atrophy of thetestisand accessory sex glands,
reduced level of gonadotrophins, prolactin, and tes-
tosterone and severe inhibition of gametogenesis.
This delay in sexual maturation appeared to be
caused by thyroid alterations of LH-mediated tes-
tosterone secretion. In addition, thyroidectomy of
immaturerats severely inhibits gametogenesisand
intertitia cell development (Chowdury et al., 1984).
For adiscussion of toxicant-induced hypothyroid-
ism see the Toxicant Effects on Thyroid Function
section.

Specific receptors for T3 have been localized
in Sertoli cells, with adecreasein number of recep-
tors from PND 7 to 35 and no change in binding
affinity (Pamero et al., 1993), suggesting a pos-
sible role of T3 in the onset and patterning of
Sertoli cell functioning. A hypothyroid condition
results in adelay in this postnatal decrease in tes-
ticular T3 receptors. Treatment of newborn rats
with T3 increased Sertolli cell proliferation and
hastened Sertoli cell differentiation, resulting in
anincreased number of Sertoli cellsand germ cells
(Ulisseet a., 1998), aswell as an increased semi-
niferous cord and testicular size (Jannini et al.,
1993). T3 may also regulate the basement mem-
brane surrounding seminiferous epithelium (Ulisse
et a., 1998).

VI. THE TESTIS
A. Perinatal/Postnatal Development

Sexual differentiationinthemaleisdetermined
during fetal life, with the seminiferous cords be-
ing formed by gestational day 13 (GD 13) (Waites
et a., 1985). Leydig cells are found in the fetal
testes and are responsible for androgen synthesis.
In pubertal and adult animals, testosterone synthe-
sisisregulated/stimulated by the binding of lutein-
izing hormone (LH) to the luteinizing hormone
receptors (Lhr). However, even though luteinizing
hormone receptors are present on the Leydig cell
by GD 15.5 with maximal levels attained by birth
(Warren et a., 1984), circulating LH levels are
low prior to the testosterone surge that takes place
at approximately GD 19 to 20. Thisindicates that
another factor other than LH islikely responsible
for the initia testosterone surge during gestation.
After birth the LHr number in the testes increases
in parallel with testicular testosterone content and
the number of Leydig cellsin the interstitial re-
gion of the testes. Sertoli cells are located within
the seminiferous tubules of the testes and are the
sine qua non of spermatogenesis. These cells un-
dergo rapid division at the end of gestation and
then cease to divide after the first 2 weeks postna-
tally. The Sertoli cells are stimulated by follicle-
gimulating hormone (FSH) and possess FSH re-
ceptors (FSHr) as early as GD 17.5. It is evident
that the endocrine system in the fetal male is
already functional just prior to birth. The activa-
tion of hormone action during this time is essen-
tial for the development of the reproductive tract
and consequent fertility in adulthood.

B. Leydig Cells/Androgen Synthesis

Leydig cells(LC) arelocated between the tub-
lulesintheinterstitial portion of thetestesand are
the primary source of testosterone production in
the male. During late gestation, fetal LCs begin
producing testosterone at approximately GD 15,
with peak production occurring between GD 18 and
GD 20. Thesefeta LCsatrophy between PND 15
and 19 and do not divide postnatally. Adult LCsare
not derived fromthefetal L C, but instead stem from
undifferentiated progenitor cdls. Thereisstill some
controversy asto the cdl origin of these progenitor
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cells, but increasing evidenceindicatesthat spindle-
shaped cellsintheinterstitial area of thetestisare
undifferentiated progenitor cells (de Kretser and
Kerr, 1994) and arise from proliferation of mesen-
chymal-likestem cdllsat approximately 2 to 3weeks
after birth (Hardy et a., 1989). There appearsto be
three stages of postnatal L C development (Benton
et al., 1995) with a maximal concentration of pro-
genitor LCsat PND21, followed by theimmature
LCsat PND35and afull population of adult Leydig
cellsby PND 90. It is specul ated that the differen-
tiation of these cellsis hormonally influenced by
gonadotropins such asLH, which hasthe capacity
to influence androgen secretion at PND 25, 33, 40,
and 60 days of age with a maximal response at
PND 40 and 60 (Moger, 1977). In a more recent
study by Shan et al., 1997, LH, as well as andro-
gens, were found to regulate androgen receptor
levels in LCs with a peak sengitivity to these
factorsoccurring at PND 35 (immature LCs). Itis
hypothesized that androgens and LH stimulate
the conversion of progenitor LCs into immature
LCs, whereas insulin-like growth factor-1 (IGF-
1) is thought to regulate the differentiation of the
immature LCs into adults LCs (Benton et al.,
1995). Thistheory of IGF-1 regulation is strength-
ened by in vitro data that indicate that immature
L Cs have IGF-1 receptors and an elevated stimu-
latory response to IGF-1 (Hardy et al., 1991).
As there are differences in the regulators of
the three phases of LC development, there are
also differences in androgen synthesis between
these cells. From PND 5-25 the number of LCs
(progenitors) in the testis increases rapidly, but
there is no significant change in testosterone con-
centration in the testis (Ketelslegers et a., 1978).
Thisisdueto thefact that these cells are predomi-
nantly producing the 5 a-reduced androgen, an-
drosterone, instead of testosterone (Ge and Hardy
et al., 1998). Even though androgens are pro-
duced by the progenitor LCs, their capacity for
steroidogenesis is still much lower as compared
to immature and adult LCs. From PND 28 to
40 the newly derived immature LCs undergo
cell division (Hardy et al., 1991) and the
primary androgen produced at this time is
3 a-androstanediol (Ge and Hardy, 1998). Thisis
accompanied by aninitial risein plasmatestoster-
one levels between PND 25 to 35, which is then
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followed by a much larger increase in testoster-
one levels between PND 35 to 55 (K etel slegers et
al., 1978) when the adult LCs predominate
(Monaosson et al., 1999; see dso Figure 1A).

C. Steroidogenesis
1. Mediators

Postnatally, the activity of the hypothalamic/
pituitary/gonadal axis becomes fully operational
and involves aseriesof regulatorsthat initiate and
maintain steroidogenesis at puberty. However, the
precise mechanism that stimulates the onset of
puberty and steroidogenesisis till uncertain. One
factor that is thought to be involved in androgen
synthesispostnatally isLH, which isreleased from
the pituitary and transported to the testis where it
binds to the LHr. This binding results in an in-
crease in cyclic AMP production (Marsh, 1976),
which acts by phosphorylating a number of pro-
teinsleading to an increase in androgen synthesis.
In one study, LH and DHT separately were not
able to stimulate testosterone secretion; however,
LH and DHT together had a significant effect
(Hardy et al., 1990). As mentioned previoudly,
serum LH levels during puberty remain contro-
versial due to lack of corroborating data from
birth to puberty, with some studies reporting an
increasein LH during puberty (Dohler and Wuttke,
1974; Ketelslegers et al., 1978; Lee et a., 1975)
and othersreporting very little changein circul at-
ing LH (Chiappa and Fink, 1977; Kamberi et al.,
1980., 1980; Ketelslegerset al., 1978; Matsumoto
etal., 1986; Ojedaand Urbanski, 1994). Apart from
thecontroversy over circulating LH levels, itisclear
that LH isinvolved in LC differentiation during
puberty (see Leydig Cell section).

Another hormone thought to play an important
rolein androgen synthesis and onset of puberty is
FSH. Treatment with FSH appearstoincrease LC
numbers and because seminiferous epithelium is
the target of FSH, this suggests that secretory
factors from the seminiferous tubules may medi-
ate LC maturation (de Kretser and Kerr, 1994).
As mentioned, it is also speculated that FSH in-
duces the appearance of LHr, which may be asso-



ciated with increased L eydig cell numbersinstead
of increased number of LHr per cell. Anincrease
in LHr number is followed by an increase in
steroidogenic responsiveness of the LC during
LH or hCG stimulation. The presence of FSH
thus appears to indirectly regulate the process of
androgen synthesis in the testes.

Additionally, it has been shown that three Ser-
toli cell proteins stimulate LC steroidogenesis. in-
hibin, TGF-a andinsulin-like growth factor-I (IGF-
) (Skinner et al., 1991). However, al threeproteins
are also secreted by the LC and elsewhere, soitis
unclear whether they act in an autocrine or para-
crinefashion (Hardy et al., 1991). Support for the
actionsof IGF-I in LC maturation is strong dueto
the presence of receptorsfor IGF-1 on Leydig cell
progenitors. Testicular levelsof IGF-I area so high-
est during puberty when it stimulates proliferation
of mesenchymal cells, immature LCs, and adult
LCs(Linetal., 1987; Lin et a., 1988; Nagpal et
al., 1991).

2. Enzymes Involved in Steroidogenesis

There are severa enzymatic reactions and co-
factors involved in the synthesis of testosterone.
Theimmediate sourcefor the steroid ring of testos-
terone is a depot of cholesterol in the cytoplasm
that is derived from low-density lipoprotein (Hall,
1994). Themgjority of theenzymesinvolvedinthe
conversion of cholesterol to testosterone are mem-
bersof afamily of monooxygenase enzymesknown
as cytochrome P-450s. These enzymes areimpor-
tant in the biotransformation/elimination of xeno-
biotics and in the inactivation of endogenous sub-
strates. In addition, several P-450s play anintegral
part in the synthesis pathway of steroid hormones
involving four specific enzyme steps: (1) hydroxy-
lation, (2) dehydrogenation, (3) isomerization, and
(4) C-C cleavage (Hall, 1994).

Other enzymes involved in steroid synthesis
includethe 33-hydroxysteroid dehydrogenase com-
plex (3B-HSD: 3B-hydroxy steroid dehydrogenase/
delta5-delta4 isomerase), which is essentia in the
biosynthesisof dl biologicaly activesteroids. Using
immunocytochemistry, LCs showed increasing
3B-HSD activity from GD 17 through GD 21, and
the cells were arranged in clusters between semi-

niferous tubules (Dupont et a., 1993). The num-
ber and size of cells expressing 33-HSD activity
decreased greatly at PND 1 and did not start to
riseuntil between PND 12 and 19. Thereisan even
greater increase in 33-HSD activity prior to pu-
berty, between PND 19 and 32 and another large
increase in 33-HSD activity during the onset of
puberty. Theseincreasesin enzymatic activity are
mirrored by increasesin androgen secretion, indi-
cating adirect relationship between 33-HSD activ-
ity and androgen production (Dupont et a ., 1993).

Another important enzymein the steroidogenic
pathway is 17B-hydroxysteroid dehydrogenase
(17B-HSD). Theactivity of 173-HSD isincreased
dightly later than 33-HSD beginning at approxi-
mately PND-22 with a rapid increase between
PND 37 and 58. Thisincreased activity also closely
followstestosterone synthesis (Payneet a., 1977)
and may be correlated with changesin FSH secre-
tion. As mentioned earlier, it is thought that FSH
secretionisamajor factor in testicular maturation
and that the testes appear to be conditioned by FSH
with an increased responsivenessto LH, resulting
ingreater testosterone production. Thus, it isspecu-
lated that FSH may be involved in the regulation
of 17B-HSD (Payne et d., 1977).

3. Steroidogenesis in Brain

Several studies in the rat have reported key
steroidogenic enzymes in peripheral/nongonadal
tissues. Some of these enzymes include 20, 22-
demolase: cholesterol side chain cleavage cyto-
chrome P450 (P450scc) that converts cholesterol
to pregnenolonein therat brain and 17 a-hydroxy/
C-17,20-desmolase cytochrome P450 (P450c17)
that converts pregnenolone to progesterone with
subsequent bond scission to dehydroepiandroster-
one and androstenedione, respectively. These en-
zyme activities are also expressed in the rat liver
and gonads in both sexes (Vianello et a., 1997).
During the second postnatal week there is a peak
in expression in the liver that is higher thanin the
testis and gradually declines below testis activity
by thefourth postnatal week. Conversely, activity
inthe testisis relatively high prenatally (GD 18),
decreasing at birth and starting a steady increase
again at PND 16 through puberty and adulthood
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(Vianello et al., 1997). Additional studies have
revealed that there is also P450c17 activity in the
duodenum that is comparable to that in the testis
(DdlaValle et a., 1996). These studies are pre-
liminary, and their role in androgen activity in
puberty is not clear.

Other steroidogenic enzymesin the male pre-
pubertal brain are also major contributors to the
sexual development of the male rat and include
5a-reductase, responsible for the conversion of
testosterone to DHT, and aromatase, responsible
for the conversion of testosterone to 17(3-estradiol.
During gestational development in the male, aro-
matase activity plays an integral rolein structural
organization of the hypothalamus, which can ef-
fect sexual behavior later in development. It is
most important during early development, and the
compl etion of reproductive maturity is associated
with a decrease in hypothalamic aromatase and
5a-reductase at approximately PND 90 (Lephart
and Ojeda, 1990). The activity of brain aromatase
levelsisthought to be regul ated by androgens, but
thisregul ation appearsto belost during early adult-
hood. Similarly, the activities of 5a-reductase
increase in the brain between PND 20 to 40 but
decrease between PND 40 to 60 (Goldman and
Klingele, 1974). Thisdecreased activity may play
apart in the decreased sensitivity to steroid nega-
tive feedback that occurs at the completion of pu-
berty (Lephart and Ojeda, 1990).

D. Androgen Activity
1. Steroid Hormone Receptors

Positive immunohistochemical staining of the
androgen receptor (AR) wasfound asearly asGD
15 in the mesenchymal and epithelial cells of the
mesonephros, with weak staining observed in the
interstitial cells(You and Sar, 1998). However, in
this same study the Sertoli cells did not express
the receptor until PND 5. This expression of the
AR at various times and tissues may explain the
differential effect of certain chemicals at various
developmental stages. An AR has also been de-
scribed in PND 20 rat testes that correlates with a
risein DHT concentration at thistime. Conversely,
the maintenance of the AR in the ventral prostate
(Sullivan and Strott, 1973) does hot appear to be
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androgen-dependent. The concentration of nuclear
androgen receptors (ligand bound) in the testes
decreased from PND 15 to PND 25 and then in-
creased steadily until full sexual maturity between
PND 60 and PND 90 (Buzek and Sanborn, 1988).
In another study by Shan et al. (1992), the highest
concentration of AR mRNA was identified in im-
mature LC at PND 35, the next highest found in
the progenitor LC at PND 21 and the lowest level
intheadult LC at PND 90. In contrast, AR mMRNA
levelsare highest at PND 90in the Sertoli cellsand
areregulated by LH, FSH and androgens, whereas
these factors are not effective in the regulation of
theARinLCsat thisage (Shanetal., 1997). These
factors play a more important regulatory role in
AR levelsin the LC at PND 21 and 35 (Shan et
al., 1997). These findings indicate that there are
severa distinct mechanisms responsible for the
regulation of AR expression during development.

E. Androgen Function

Androgens are critical in the development of
the male reproductive tract, in the feedback inhi-
bition of hypothalamus-pituitary, for the mainte-
nance of sex accessory organs, and in the stimu-
lation and maintenance of spermatogenesisduring
puberty. The presence of testosterone is necessary
for the development of thetestes, epididymis, vas
deferens, seminal vesicles, levator ani/bulbocav-
ernosus (LABC), and other muscles and is also
responsible for stimulating the inguinoscrotal de-
scent of thetestes (PND 15). In comparison, DHT
initiates postnatal regression of nipples/areolasand
isakey hormone in the development and mainte-
nance of the prostate, urethra, external genitalia,
and preputial separation (also see section on pro-
lactin for prostate) (Luke and Coffey, 1994;
Mylchreest and Foster, 1998). The AR dlowsthese
androgens to mediate male sexual development.
Testosterone and DHT are the two androgens that
bind with the highest affinity to the AR and arethe
most biologically active. Although their affinity to
the receptor is similar, the kinetics of dissociation
of testosterone and DHT are very different, with
the dissociation of testosterone about three times
faster than DHT. These differencesmay stem from
the fact that most of the testosterone-sensitive tis-
suesin the reproductive tract are derived from the
Wolffian duct and are closein proximity to thetestes



where there is a high concentration of testoster-
one and very low 5a-reductase activity in the
Wolffian duct before puberty (George and Wil-
son, 1994).

VII. TOXICANT EFFECTS ON MALE
PUBERTAL DEVELOPMENT AND
THYROID FUNCTION

The following section includes a review of
the literature for those chemicals, including both
pharmacological and environmental compounds,
known to alter male reproductive devel opment and
thyroid function. Although perinatal and neonatal
exposures can a so have effects on pubertal devel-
opment in the rodent, this discussion will be lim-
ited primarily to those studiesin therat that report
similar exposure parameters as the male pubertal
protocol, with exposure during thejuvenile and peri-
pubertal period (PND 23-53). Thereader isencour-
aged to refer to Table 3 asacomplete reference for
the toxicant-induced alterations discussed in this
section and Table 4 for ageneral summary of the
effectsreported for particular receptor modulators.

A. Testis/Reproductive Tract Alterations

Development of the size of the penisand corni-
fication of the epithelium of the prepuse and pre-
putial separation in immature rats are regulated
by androgens (Marshall, 1966). Administration of
testosterone causes an increase in penile size and
accelerates preputial separation in immature rats
(Lyonset a., 1942). Infact, general growth of the
organ can beinduced by local application of testos-
terone (Wigodsky and Green, 1940). The separation
of glans and prepuce is also prevented by castra-
tion in both rats and mice (Lyons et d., 1942). In
thisregard, balano-preputial separation (PPS) has
been used as a marker of puberty in the male rat.
PPS isacornifying process that leadsto cleavage
of the epithelium forming the stratified squamous
lining of the prepuce of the penis. This cleavage
isasign of puberty and isan essential prerequisite
for acquisition of complete gjaculation (Wisner et
al., 1983). This process also represents areliable
noninvasiveindicator of chemical-induced pertur-
bation to rat pubertal development (Gaytan et al.,
1988).

B. Estrogen-Induced Alterations

Estrogens act by delaying PPSin the juvenile
malerat, an effect that can persist for greater than
50 days of age (Monosson et al., 1999). However,
delays of 3 to 5 days are more typical, with sepa-
ration normally occurring at about PND 43. Sub-
chronic methoxychlor administration prior to pu-
berty delays the onset of puberty (PPS) in male
rats at doses of 50 to 200 mg/kg/d in adose-related
manner (Anderson et al., 1995) and at doses of 50
and 150 mg/kg/d (Chapin et a., 1997). In addi-
tion, methoxychlor-treated males had smaller
seminal vesicles and ventral prostates, lower epi-
didymal and gjaculated sperm numbers, and re-
duced numbers of copulatory plugs (Anderson et
al., 1995; Gray et a., 1989). These endpoints are
affected not only by estrogens but by environmen-
tal antiandrogens, drugs that affect the hypotha-
lamic-pituitary axis (Hostetter and Piacsek, 1977;
Ramaley and Phares, 1983), prenatal exposure to
TCDD, an AhR agonist (Bjerke and Peterson,
1994; Gray et al., 1995) and dioxin-like PCBs
(Gray and Kelce, 1996). Thus, it istoo premature
to state that methoxychlor is acting only as an
estrogen but perhaps also as an antiandrogen.

In contrast to the delay of PPS by estogenic
compounds in the male rat, peripubertal estrogen
administration accel erates the onset of the puber-
tal processin thefemale (vaginal opening or VO).
In a90-day study, Biegel et al., 1998, found that
dietary adminstration of 17(3-estradiol accelerated
vagina opening at 0.05 and 2.5 ppm (by 1.6 and
8.8 days, respectively), while 2.5 ppm estradiol
affected reproductive markers, including a delay
in preputial separation by 8.2 days. The endpoints
of PPS and VO were more sensitive than were
effectsof estradiol 3 onfertility (down at 10 ppm)
or ovarian (reduced corpora lutea at 2.5 ppm and
cystic follicles at 10 ppm) or testicular (atrophy)
histopathology. Females treated with estradiol at
2.5 ppm also displayed abnormal estrous cycles,
resulting inamore constant estrus condition. Hence,
these studies demonstrate that pubertal landmarks
are sensitive to estrogenic disruption in both male
and femalerats, with thefemae more sensitive than
the male.

Environmental estrogensor antiestrogenscome
from avariety of sources, including pesticides, plant
products, and food storage containers. Some of these
products bind to the estrogen receptor and mimic
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estrogen action. The estrogenic activity of Kepone
(apesticide aso called chlordecone), octylphenal (a
surfactant in detergents and pesticideformulations),
some co-planar PCB’ s, and bisphenol-A (amono-
mer of polycarbonate plastics and a constituent of
resins used in food packaging and dentistry) have
been found to act as an estrogen agonists (Ander-
son et al., 1995; Olea et a., 1996; Schafer et al.,
1999; Sonnenschein and Soto). One example of
the effects of this binding in males was shown
after occupational human exposure to Kepone
which resulted in decreased sperm counts (review
in Guzelian, 1992). Adversetesticular effectsfrom
Kepone were also identified in the adult male rat,
demonstrated by the atrophy of the testes, which
leads to reduced sperm counts (Reuber, 1979).
The effects of many xenoestrogens on PPS in the
rat are unknown, while other studies have been
negative. Several investigators have reported on
the effects of xenoestrogens such as nonylphenol
(Chapin et al., 1998), bisphenol A (Cagen et al.,
1999), and octylphenol (Gray and Ostby, 1999;
Tyl et al., 1999) on pubertal landmarks in first-
generation male and female rats. While nonyl-
phenol and octylphenol, through gavage but not
dietary administration, accelerated vaginal open-
ing in females, none of the aforementioned chemi-
cals delayed PPS or affected any other indices of
reproductive function in the male. In contrast to
these negative results, severa different laborato-
ries have reported that administration of methoxy-
chlor produced similar delaysin PPS in the male
rat (Anderson et al., 1995; Chapin et al., 1997;
Gray et al., 1989) (Figure 2b). However, methoxy-
chlor metabolitesare AR antagonists, aswell asER
agonists, so the delay in PPS may berelated to the
antiandrogenicity rather than the estrogenicity of
this compound (also see Leptin/Growth section,

last paragraph).

C. Antiandrogen-Induced Alterations

Theeffects of estrogeni ¢ substances on puber-
tal devel opment can be distinguished from antian-
drogens by dosing animals with toxicants prior to
and during puberty and determining their effect on
the age at puberty in both male and female wean-
ling rats. Delaysin male puberty result from expo-
sureto both estrogenic and antiandrogeni c chemi-
cds, including methoxychlor (Gray and Ostby, 1998),
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vinclozolin (Anderson et al., 1995; Monosson et
al., 1999), and p,p’ 1,1-dichloro-2,2bis (p-chloro-
phenyl)ethylene) (p,p'-DDE) (Kelce et a., 1995).
Exposing weanling male rats to the antiandrogenic
(AR antagonists) pesticides p,p' DDE or vincloz-
olindelays pubertal development inweanling male
rats as indicated by delayed PPS and increased
body weight (because they are older and larger) at
puberty.

In contrast to exposure to estrogeni ¢ substances,
antiandrogens do not inhibit food consumption or
retard growth (Anderson et al., 1995). Antiandro-
gens cause adelay in PPS and affect a number of
endocrine and morphological parameters, includ-
ing reduced seminal vesicle, ventral prostate, and
epididymal weights. In studies of vinclozolin, in-
creasesin serum LH were a sensitive response to
this antiandrogen, whereas serum LH is not in-
creased in males exposed to p,p' DDE during pu-
berty (Kelce et a., 1995). It is clear that some
xenobiotics and drugs with antiandrogenic activity
elevate serum LH and testosterone levelsand sub-
sequently increase testesweight (Monosson et a.,
1999), while other antiandrogensthat induceasimi-
lar delay in PPS fail to alter LH or testosterone
levels(Kelceet al., 1995). Chronic elevation of LH
causes hyperplasia of the Leydig cells asin Cook
et a., 1999, and increase intersitial fluid volume,
which contribute to the observed increase in tes-
tes weight.

Preputial separation and sex accessory gland
weights are sensitive endpoints. However, adelay
in PPS is not pathognomonic for antiandrogens.
Antiandrogenicity of these compounds is medi-
ated through antagonistic binding to the androgen
receptor; however, as discussed, pubertal alter-
ations may also be caused by chemicals that dis-
rupt hypothal amic-pituitary function (Huhtaniemi
et a., 1986), or steroid hormone synthesis or me-
tabolism. Compounds such as dibutyl phthalate
(DBP), dipentylphthalate (DPP), and diethylhexyl
phthalate (DEHP) produce antiandrogenic effects
characterized by testicular atrophy, decreased se-
rum and testicular testosterone levels, and alter-
ations in steroidogenic enzymes (Foster et al.,
1983; Gray et a., 1982; Mylchreest and Foster,
1998; Oishi, 1985; Srivastava and Srivastava,
1991). Malerats (PND 35) exposed by gavage to
7.2 mmol/kg/d for up to 4 days had significantly
smaller testes weights, decreased activity of two
testicular steroidogenic enzymes, 17a-hydroxy-
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FIGURE 2. Age at preputial separation (PPS) with prepubertal or throughout puberty exposure to five antiandro-
genic compounds and one nonendocrine-mediated toxicant. (A) Interlaboratory comparison of the effect of vinclo-
zolin treatment (0 to 100 mg/kg/d) on PPS between the U.S. EPA and the Research Triangle Institute (RTI). (B)
Interlaboratory comparison and replicate studies of the effect of methoxychlor (0 to 400 mg/kg/d) on PPS. One data
set is from RTI, one from the National Institute of Environmental Health Sciences and four from the U.S. EPA. (C)
Two replicate studies of the effect of p,p’-DDE (0 to 100 mg/kg/d) on PPS conducted at the U.S. EPA comparing
the responses of normal and runt animals. (D) Two studies from the U.S. EPA on the effects of dibutyl phthalate (O
to 1000 mg/kg/d) on PPS. (E) The effect of linuron (0 to 40 mg/kg/d) on PPS from the U.S. EPA. (F) The effect of
carbendazim (0 to 400 mg/kg/d) on PPS from the U.S. EPA. (Ref. Monosson et al., 1999).
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lase (catabolizing progesterone to 17a-hydrox-
yprogesterone), and 17-20 lyase (catabolizing
17a-hydroxyprogesteroneto androstenedione), but
conversaly showed increased activities for 17a-
dehydrogenase (catabolizing androstenedione to
testosterone) (Foster et al., 1983). These com-
pounds do not, however, appear to act as andro-
gen receptor ligands (Gray et al., 1999; Lambright
et a., 1999). For this reason it is important to
identify an assay to detect androgenic/antiandro-
genic activity that is not solely mediated through
the androgen receptor.

D. Prolactin Alterations

Prolactin, growth hormone and LH, with or
without androgens, play important roles in the
development of the normal prostate (Reiter et a.,
1999). Prolactin has a synergistic effect with tes-
tosteronein stimulating growth of some of the sex
accessory glands, especialy the lateral prostate
(Kolbusz et a., 1982). For example increasing
serum prolactin levels with pituitary grafts for 3
weeks delays the castration-induced regression of
the lateral lobe of the prostate in adult Sprague
Dawley (SD) rats. However, the weight of the sex
accessory sex organs was unaffected by higher
prolactin levels (Chang, 1984). When ovine pro-
lactin is administered beginning around PND 20
or an ectopic pituitary is placed underneath the
kidney capsule, the resulting increase in serum
prolactin levels has also been shown to advance
PPS and increase testes, prostate and epididymis
weight (Aguilar et a., 1988; Negro-Vilar et d.,
1977) and seminal vesicle weight (Coert et a.,
1985). The effect of prolactin on the sex acces-
sory tissues was demonstrable in the absence of
testicular or adrenal steroids (Negro-Vilar et al.,
1977). Conversely, the administration of
bromocriptine, adopamine (DA) agonist, prior to
puberty, lowers serum prolactin, decreases circu-
lating androgen levels, and decreases accessory
gland development (prostate, seminal vesicles),
depending on the time and duration of exposure
(Kovacevic et a., 1982; Suescun et al., 1985).
Similarly, endogenous opioid peptides have a
stimulatory influence on prolactin secretion (Hou
and Voogt, 1999). Naloxone, an opioid antago-
nist, administered from PND 51 to 58 reduced
serum prolactin and androgens (Maric et al., 1987).
Thus, it appears that prolactin at puberty may
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synergize with androgens and maintain both an-
drogen receptors (Coert et a., 1985) and LH recep-
tors on the testes (Huhtaniemi et al., 1984).

In addition to the effect of prolactin on sex
accessory tissue weights, arecent study has shown
that an exposure to pimozide, a DA antagonist,
from PND 22 to 32 resulted in an increased weight
and incidence of lateral prostate inflammation at
120 days of age (Stoker et d., 1999). Estradiol and
bisphenol A exposure in this prepubertal time pe-
riod also resulted in increased serum prolactin dur-
ing dosing and lateral prostate inflammation in
adulthood, with anincreased lateral prostate weight
in the bisphenol A group (Stoker et a., 1999).

E. Hypothalamic-Pituitary Axis/
Gonadotropins

The target site of many of the toxicants that
affect the age of onset of puberty in the male rat
isthe brain, or more specificaly the hypothalamic
regionsthat effect neural control of the pituitary’s
release of the gonadotropins (see Table 3). The
primary mechanism of action of the majority of
these toxicants can be receptor modulation or syn-
thesisof neurotransmittersor other factorsinvolved
in the control of pituitary gonadotropin release by
GnRH. Alterations in GnRH actions with com-
pounds that are known to disrupt GnRH receptor
binding, such asdirectly by antagonists, or indirec-
tly by alterationsin the neural input to the GhnRH
neurons, can delay puberty inthe malerat. Exam-
ples of such exposures during various times prior
to or during puberty and their subsequent effects
on the male’'s endocrine profile, puberty onset, or
reproductive tissues are shown in Table 3. For
example, several investigators have examined the
effects of GhRH antagonists during the pubertal
period. Administration of GnRH antagoni stsbegin-
ning on PND 22 delays PPS in a dose-response
fashion. However, effects of thisexposure on adult
FSH levels, testicular weight, fertility, and sexua
behavior are more dependent on age and duration
of administration (van den Dungen et al., 1989).
In addition, the administration of a GhnRH ana
logue from PND 28 to 41 delayed preputial sepa-
ration by 1 week and resulted in a decrease in
testosterone and the weight of the sex accessory
tissues at PND 62 (Wisner et al., 1983), presum-
ably by the down-regulation of pituitary GhnRH



receptors and consequent reductions in serum
gonadotropin and sex steroid levels. Increasesin
5a-reductase and serum FSH at the higher doses
were also reported.

Exposureto compoundsthat disrupt neurotrans-
mitter synthesis has also been shown to alter the
release of gonadotropins from the pituitary. For
example, a-methyl-p-tyrosine (AMPT) decreased
serum LH and testosterone, but only if adminis-
tered on PND 38 or later (Raum and Swerdloff,
1986). In contrast, administration prior to thisage
resulted in an opposite effect. This effect was sug-
gested to be due to an inhibitory role of norepi-
nephrine and dopamine before puberty and the
stimulatory role present at puberty onset (Raum
and Swerdloff, 1986).

Because some opiates are commonly abused
by a subpopulation of adolescent young men
(Johnston et al., 1987) and because the existing
evidence suggests that endogenous opioid peptide
receptor modulators can affect GnRH release, a
number of studies have examined the effects of
opioid exposure during puberty inthe malerat. A
single dose of morphine, an opioid agonist, admin-
istered between PND 25 and 60 decreased serum
LH levels3hlater. However, treatment with nal ox-
one, an opioid antagonist, between PND 35 and 58
appearsto increase serum LH and decrease serum
prolactin (see Table 3; Aubert et a., 1988; Maric
etal., 1987). A decreasein serum testosterone and
DHT following asingle dose of naloxone between
PND 51 and 58 was suggested to be due to the
drug-induced hypoprolactinemia and a decrease
in LH receptors in the testes (Maric et d., 1987;
Stojilkovic et a., 1987). However, naltrexone, an-
other opiate antagonist administered on PND 55,
increased serumtestosterone (Emanueleet d., 1998).
Therefore, the reported effects of opioid antago-
nists on serum testosterone and DHT peripuber-
tally seem to be controversial with respect to
androgen production.

Increased ethanol consumptionin human teen-
agers has led to concerns of significant hormonal
changesduring puberty (Bailey and Rachal, 1993).
In rats, acute ethanol administration prior to pu-
berty profoundly decreasesserum LH levels, which
decreases testosterone secretion (Emanueleet a.,
1998; see Table 3). More extended dosing of etha-
nol viaaliquid diet from PND 25 to 63 resulted
in decreased serum testosterone and seminal vesi-
cle and testes weights; however, serum LH was

elevated (Cicero et a ., 1990). Thiswas suggested
to be due to the extended period of testosterone
suppression and thus a decreased feedback sup-
pression on LH. Also, IGF-I and GH suppression
have been reported when ethanol was adminis-
tered during this pubertal period (Steiner et al.,
1997). The suppression of these growth factors,
in addition to the suppressed testosterone levels,
is important because GH and testosterone both
play critical rolesin organ maturation during this
stage of development.

Theeffectsof tetrahydrocannabinol (or A° THC,
the psychoactiveingredient of marijuana) have also
been well studied in the male rat during puberty.
Significant effects of A° THC on therelease of the
gonadotropins have been reported. These effects
have been attibuted to a direct action of A° THC
on the control of gonadotropin rel ease by the pitu-
itary, with a decreased response to stimulation by
GnRH administration (Guptaand Elbracht, 1983).
One study on THC, which generally followed the
EDSTAC male pubertal protocol (dosing from
PND 21 to51), found adecreasein serum LH and
GH concentrationsand adecreasein prostateweight
(Callu et a., 1975). In this study, no differences
in seminal vesicle or testesweightswere reported.
In another study employing a pubertal exposure of
THC (i.e., PND16 to 40), the authors reported a
decreasein serumtestosterone, DHT, LH, and FSH
on PND 40. By PND 87, the serum LH had recov-
ered; however, when they dosed from PND 16 to
87, the decrease in serum LH persisted. In addi-
tion to the hormonal changes, they also observed
a decrease in body weight (Gupta and Elbracht,
1983).

Because glutamate activity increases prior to
puberty and isinvolved in an increased release of
GnRH, a glutamate agonist, such as N-methyl-p-
aspartatic acid could conceivably advance pu-
berty in the male rat; however, this has only been
shown in the monkey (Plant et al., 1989) and a
glutamate antagonist such asthe NMDA receptor
antagonist, MK 801, could delay puberty as shown
in the female (for review see Brann and Mahesh,
1995). In 30-day-old malerats, it has been shown
that NMDA (at 15 mg/kg) stimulated the release
of LH 15 min after injection, and MK-801 (0.25
or 0.50 mg/kg) decreased LH levels(Pinillaeta.,
1998).

Other toxicants have been shown to have di-
rect effects on the pituitary, such as lithium chlo-
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ride (Ghosh et al., 1991). By dosing from PND 35
to 50, 55 or 60 with 2.0 mg/kg/d (males killed
following last dose), these investigators observed
adecrease in serum LH, FSH, T, and PRL at all
three dose periods. The continuation of dosing to
PND 55 and 60 resulted in a decrease in testes,
prostate, and semina vesicle weights.

Finally, environmental conditions, such aslight
and thedaily melatonin rhythms, can also affect the
release of gonadotropins. Asdiscussed previously,
injections of melatonin from PND20-40 in the
afternoon or |ate photophase have been shown to
decrease GnRH receptors, thus lowering serum
LH, T, and FSH, aswell as decreasing the weights
of the seminal vesicles and testes at 40 days of
age. As mentioned earlier, this effect may be due
toincreasesin NPY following melatonin adminis-
tration, in which a delay preputial separation was
observed (Corder et a., 1992).

F. Toxicant Effects on Growth Hormone

Several compounds have been shown to have
effects on growth hormone (GH). For example,
sodium pentobarbital blocks the release of soma-
tostatin and GRF, and thus suppresses the rel ease
of GH fromthe pituitary (Wehrenberg et a., 1982).
During puberty, several toxicants have been shown
to alter GH release and IGF-| levels. A decreasein
GH is associated with a decrease in IGF-I levels,
as mentioned, and it is this IGF-I that also influ-
encestherelease of GhRH. Therefore, many com-
pounds that suppress GH and, in turn, suppress
IGF-1 aso decrease serum LH levels and andro-
gen-associ ated endpoints. For exampl e, ethanol ad-
ministered in a single dose between PND 35 and
51 results in a suppression of GH and/or serum
LH and testosterone, depending on the day dosed
prior to puberty (see Table 3; Emanuele et a.,
1998; Tentler et al., 1997). This profile has also
been seen following a 30-day exposure to THC
from PND 21 to 51 (similar to our pubertal pro-
tocol with sacrifice at 51 days), with adecreasein
GH and serum LH (Collu et al., 1975). Thisexpo-
sureto THC also decreased the weight of the pros-
tate, which may be due to a decrease in androgen
production as seen with other exposures during
puberty associated with the decreasein serum LH
(Gupta and Elbracht, 1983).

This feedback regulation of GH and IGF-I
has also been shown using GH antibodies and GH
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anal ogues. For example, the administration of anti-
bodies against rat GH-releasing factor (GHRF)
between PND 15 and 39 in male rats resulted in
adecrease in |GF-I, decreased testes and seminal
vesicle weight, and decreased sFSH (Arsenijevic
eta., 1989). They attributed the decreased weights
to the low IGF-1 levels.

G. Toxicant Effects on Thyroid Function

Certain drugs inhibit thyroid function by an-
tagonizing the formation of thyroid hormones.
These drugs are typically separated into the drugs
that inhibit iodide transport (iodide trapping) into
the thyroid gland and those that inhibit the incor-
poration of iodine into tyrosine. Inhibitors of io-
dide transport include thiocyanate and other
monovalent anions like perchlorate, chlorate, and
periodate. Other antithyroid compounds include
the thionamides, the sulfonamides (e.g., para-ami-
nobenzoic acid), and the sulfonylureas (carbuta-
mide and tolbutamide). An effective concentra-
tion of these drugs for a sufficient time will result
inthyroid hypertrophy and goiter, so they are often
referredto as*“ goitrogens’. Clinically, thesedrugs
are used to treat excessive thyroid hormone pro-
duction (Hadley, 1996).

Another group of goitrogenic chemicals dis-
rupt thyroid hormone homeostasis by increasing
the peripheral catabolism of the thyroid hormones
through an induction of hepatic microsomal en-
zymes. These include calcium channel blockers,
steroids, retinoids, chlorinated hydrocarbons, poly-
halogenated biphenyls, and enzyme inducers
(Capen, 1997). Some chemicals disrupt thyroid
function by inhibiting thyroperoxidase (TPO), an
enzyme involved in the oxidation of iodide to its
active form in the synthesis of thyroid hormones,
such as sulfamethazine (antibacterial compound
used in food processing), thiourea, propylthioura-
cil, sulfonamides, methimazole, aminotriazole, and
acetoacetamide (Capen, 1998).

Environmental chemicals can alter thyroid
function by altering synthesis, release, transport,
or metabolism of thyroid hormones or by poten-
tially acting as receptor agonists or antagonists,
although none identified. (Capen, 1997). Several
environmental agents have been found to alter
thyroid hormone levels, such as urea derivatives,
polyhalogenated biphenyls, and chlorinated di-
benzo-p-dioxins. Propylthiouracil (PTU) and me-



thimazole have been shown to result in decreased
T4 and T3. Other chemicals that induce hypothy-
roidism, such asPCB, TCDD, methoxychlor, thio-
carbamide, and sulfonamide-based pesticides, re-
duce circulating thyroid hormones, elevate TSH
and result in thyroid follicular neoplasia (Crisp et
al., 1998). Some compounds may also have ef-
fects on hepatic enzyme-inducing drugsthat clear
thyroid hormones from the circulation and thus
elevate TSH. For example, if the chemica in-
duces cytochrome P-450s and increases the me-
tabolism of the thyroid hormones, TSH becomes
elevated in response to reduced circulating levels
of T3 and T4. Toxicant-induced alterations in thy-
roid hormones during puberty could have permanent
effects because these hormones are critical to nor-
mal growth and development. The endpointsto be
used in the male pubertal protocol for thyroid
assessment are thyroid hormone levels (TSH and
T4 for thyroid hormone homeostasis) and histo-
pathology of the thyroid gland. Thyroid gland his-
topathology has been determined to be the most
reliable parameter for the detection of compounds
that affect thyroid function (DeVito et al., 1999).
Shrinkage of the thyroid follicle colloid area and
increased cell height is consistent with the move-
ment of stored thyroid hormones from the colloid
region stimulated by TSH in responseto low circu-
lating levelsof T4 (Capen, 1997). Thereisconcern
whether a short dosing period, as in the puberta
protocol, is long enough to detect weak-acting
chemicalsthat target the thyroid gland (O’ Connor
et a., 1998). However, Biegel et al., 1995, found
that 2 weeks is sufficient for some chemical
changes of the thyroid gland. The typical hor-
monal pattern for compounds that alter thyroid
function in rodents is decreased serum levels of
T3 and T4 and increased serum TSH levels, in
which the sustained release of TSH results in
follicular cell hypertrophy/hyperplasia.
Hypothyroidisminduced by toxicant exposures
during the early neonatal period, and its effectson
reproductive endpoints have been well character-
ized. For example, theinduction of hypothyroidism
by the administration of PTU or polychlorinated
biphenyls from birth to weaning increased testis
size, number of Sertoli cellsand Leydig cells, and
daily sperm production in the adult (Cooke and
Meisami, 1991; Cooke et al., 1996; Hardy et al.,
1996). Similar reports show that the critical pe-

riod for this effect is the first 2 weeks after birth
(Cookeet al., 1992; Meisami et ., 1992), with no
effects observed if PTU treatment was started dur-
ing late lactation. Other studies show that the in-
duction of hypothyroidism by administration of
methimazole from birth to weaning caused a de-
lay of testisgrowth at 3 to 4 weeksof age (Palmero
et a., 1994). These differences are believed to be
due the retardation of Sertoli cell differentiation
up until day 30, with an increase above controls
beginning on PND 36, leading ultimately to in-
creased testis size in the adults (Van Haaster et
a., 1992). In addition, inducing hypothyroidism
with methimazol e treatment after birth resulted in
reduced levels of gonadotrophins and a delay in
pubertal spermatogeneis by retarded differentia-
tion of the Sertoli cells (Francavillaet al., 1991).

There are relatively few examples of studies
evaluating toxicant-induced alterationsin thyroid
hormones during the peripubertal period in the
male. However, Ching (1981) did report that a
dose of barbital (diethylbarbituric acid) or PTU to
male rats from PND 28 to 56 resulted in an in-
creased level of serum TSH and thyroid weight
and a decreased level of thyroid hormone (T4).
This effect of barbital has been shown to be due
to hepatic microsomal changes (i.e., induction) in
cytochrome P-450 isoenzymes (McClain et a.,
1988), which increase catabolism of the thyroid
hormones.

In addition to altering several aspects of
growth and development, altered thyroid hormone
function during the prepubertal period can dra-
matically impact reproductive development. For
example, an induction of hypothyroidism by ad-
ministration of methimazole beginning on day 40
decreased serum LH, PRL, T, T3, and T4 at 100
days of age (Vale et a., 1985).

VIIl. TECHNICAL CONSIDERATIONS
IN THE CONDUCT OF THE MALE
PUBERTAL SCREENING

The primary purpose of the male pubertal pro-
tocol is as a firgt-tier screen for endocrine active
chemicals by determining whether a chemical ex-
posure can dter the devel opment of thereproductive
system and the thyroid gland. The literature re-
viewed in the preceeding sections using PPS as an
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endpoint indicated that thisassay is promising; how-
ever, arigorouseva uation of the specific male puber-
tal protocol must be completed before any recom-
mendations can be made. If followed properly, the
protocol should produce data that are consistent
across different laboratories and over a broad range
of compounds. In thisregard, this protocol has been
shown to be arobust and sengitive tool in the evalu-
ation of several endocrine-disrupting chemicals.
However, there are severa technical concerns that
need to be addressed for the use of the male pubertal
assay. In thisregard, the following concerns should
be considered, in light of the literature review pre-
sented here, and used to reduce the variability and to
assig in the interpretation of the data.

The companion manuscript on the evaluation
of female pubertal development also discusses
several issues that are aso of concern for con-
ducting the pubertal assay in the male, including
issues such as the diet, interpreting body weight
changes, and hormonal assessments. The impor-
tance of these issues to the male, as well as the
female, protocol is obvious. However, there are
also anumber of technical issues that are specific
to themale protocol (Table 1), which are addressed
in the following sections.

A. Purpose and Applicability

The purpose of this assay is to detect the ef-
fects of environmental compounds on pubertal de-
velopment and thyroid functionin the intact male
rat. There are several generic issues concerning
the assessment of the pubertal animalsthat will be
discussed as they relate to the required and op-
tional endpoint measures.

B. Endpoints

The protocol lists several required and op-
tional endpoints, including tissue weights, hormo-
nal measures, and histological evaluations. With
the required endpoints, observations can be made
concerning the effects of endocrine disruptors on
growth, PPS, and the weight of androgen-respon-
sivetissuesonthefinal day of dosing. At necropsy,
thepairedtesticular, paired epididyma, ventral pros-
tate (VP), seminal vesicle (SV; with coagulating
glands and fluid), levator ani plus bulbocaverno-
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sus muscles (LABC), and body weights are to be
recorded. The epididymides, ventra prostate, semi-
nal vesicles (SV), and levator ani are al androgen-
sensitive tissues that show reduced sizefollowing
exposure to antiandrogens (e.g., see Table 4). De-
pending on the mechanism of antiandrogen action
(receptor mediated vs. inhibition of steroidogen-
esis) these organs may, however, respond differen-
tially. For example, in the case of AR antagonists,
differencesin the responsiveness of the LABC vs.
the sex accessory glands have been noted. While
5-a-reductaseinhibitors reduce sex accessory gland
size typically with less effect on LABC weight,
androgen receptor antagonists reduce both acces-
sory gland size and LABC weight.

In addition to required endpoints that evalu-
ate androgen-responsive tissues, the protocol also
includes endpoints to examine alterations of thy-
roid function (as determined by T4, TSH, and
thyroid histology). These thyroid endpoints seem
appropriateto identify alterationsin thyroid func-
tion, as compounds that affect thyroid hormone
homeostasis can lead to a decrease in T4 and T3
and a subsequent sustained release of TSH, which
thenleadstofollicular cell hypertrophy/hyperpla-
sia (Table 4). At the 1997 thyroid workshop en-
titled “Screening Methods for Chemicals That
Alter Thyroid Hormone Action, Function and Ho-
meostasis’, thyroid gland histopathology was de-
termined to be the most reliable parameter for the
detection of compounds that affect thyroid func-
tion (DeVito et al., 1999). As mentioned previ-
oudly, 2 weeks is sufficient for some chemical
changes of the thyroid gland; however, a 30-day
exposure is needed to detect weak-acting chemi-
calsthat target the thyroid gland (O’ Connor et a.,
1998).

Additional informationwould be obtained from
the optional endpoints to more accurately assess
the possible mechanism of action of the environ-
mental chemicals (see Table 4 for summary of
effects on hormonal endpoints); however, these
measures are not necessary for aninitial screenin
confirming an effect. For example, testosterone
levels would be useful for identifying an effect;
however, it would be avery nonspecific measure.
Therefore, the response of the weights of tissues
that are responsive to androgens was chosen to
more easily and accurately identify effects of ste-
roidogenic compounds.



C. General Conditions

Some laboratory rodent diets contain phyto-
estrogensthat could potentially interferewith iden-
tifying effects on the progression of male puberty
(Casanovaet d., 1999; Thigpen et d., 1999), since
as discussed previoudly, estrogen exposure to the
pubertal male can result in delays in puberty and
can also inhibit food consumption. Thus, a low
phytoestrogen-containing diet should be used in
conducting thisprotocol and kept consistent across
laboratories to reduce the possible interference of
estogenic effects.

D. Animals

The current protocol uses Sprague-Dawley or
Long Evans hooded rats derived from timed preg-
nant females, which are suggested to arrive on
gestation day 7 to 10. Thesefemales should arrive
during early gestation (after implantation or GD6)
to prevent exposure to dietary phytoestrogens
during mid to late gestation, which could have
subsequent effects on the development of the off-
spring (Casanova et a., 1999). Also, this source
of timed pregnant females should be required in
order for weaning and weight ranking to be com-
pleted prior to first day of dosing on PND 23.

It seemsthat if interlaboratory variability isto
be minimized, the protocol should only use one
strain of rats to identify the effects of environ-
mental toxicants on pubertal progression and thy-
roid function. Although the average age of prepu-
tial separationissimilar between thesetwo strains,
there are likely differences in other parameters
such as metabolism, distribution, and body weight
that might make one strain more sensitive than
another to a chemical. However, the use of two
strains could identify the broader effects of some
endocrine-disrupting chemicals, depending on
strain selection.

Theprotocol statesthat litters should be culled
to 8 to 10 on PND 3 or 4. Our laboratory has
observed agreater survival rate of pups, culled on
PND 4 and in addition allowsmoretimefor runts
to beidentified. Inthisregard, the protocol should
recommend a specific litter size (either 8, 9, or
10) to aid in reducing reducing the variability in
milk consumption and subsequent body weight at
PND 21.

In addressing theissue of culling thelitterson
PND 3 or 4, one of our laboratories has found that
randomly standardizing litters to eight pups vs.
keeping them in natural litter sizes enhances
growth and reduces the variation in body weight
at weaning and does not alter the age at puberty
in the male or female Long Evans Hooded (LE)
rat. In this study 15 litters were standardized (S)
and another 15 retained natural (N) litter sizes.
Litters were not culled, but rather litter sizes in
the S groups were randomly reduced at 4 days of
ageto to eight pups (four males and four females,
where possible). After standardization at 4 days
of age, pup weights were 11.8 + 0.49 grams and
11.4 + 0.48 g for the Svs. N, respectively. At 23
days of age the mae (M) and female (F) rats
weighed significantly more than N ratsdid (SM =
71.5,NM =64.7, SF =67.2, NF =61.2; p <0.01).
In addition, S animals had less variable body
weight at weaning than did N rats (variances are
SF=17, NF=36.3, SM =27, NM =38). The
body weight at 23 days of age was not correlated
with the age at vaginal opening (r =—-0.05) or
preputial separation (r =-0.04), and the age at
puberty did not differ between the two groups.
Age at vaginal opening was 32.1 + 1.34 for the S
femalesvs. 32.8 £ 2.14 for femaesfrom N litters
andthe ageat preputial separationwas42.2 + 3.16
for SM vs. 42.2 + 2.01 for NM rats. When the
males were necropsied at about 70 days of age,
body (SM =433+5.8, NM =422 £ 6.0), testis
(SM =358+ 1.1, NM =355+ 0.04) and semi-
nal vesicle(SM = 1.11 + 0.04, NM = 1.08 £ 0.03)
weights did not differ between the two groups.

On PND 21 the population of males are select-
ed by eliminating the weight outlierswith arange
of 8 g above and below the mean. Thisrange was
determined by historical weanling male rats in
our laboratory as approximately 2 standard devia-
tions from the mean. Studies that used runted
litters in this protocol still observed effects on
pubertal progression, despite the reduced body
weight at weaning. For example, in one of our
studies examining the effects of p,p' DDE (Figure
2¢), the“runted” block of malesweighed about 50
g at 25 days of age vs. about 75 g in the “normal”
study. p,p’ DDE administration at 100 mg/kg/d to
pups of norma weight delayed the age of PPS by
about 5 days (p < 0.0001), while the runted ani-
mals attained puberty about 2.5 days later
(p <0.0001, no interaction, p>0.5). p,p’ DDE-
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treated animals weighed amost 40 g more at
puberty than did controls, while the runted ani-
mals generally weighed 30 g less than the “nor-
mal” malerats at equivalent dosage levels. These
data are just one example that contribute to the
proposal that puberty isnot attained at a“critical”
body weight, and that chemicals can delay this
processwithout retarding general somatic growth.
However, as discussed previously, the contribu-
tion of other factors, such as percentage of body
fat and protein and the secretion of leptin, have
also been shown to influence puberty onset. In
thisregard, therole of body weight and metabolic
status on the timing of puberty cannot be dis-
mi ssed.

E. Experimental Design

Varying dosage levels of the xenobiotic can
be tested, with one required high-dosage level at
or just bel ow the maximum tolerated dose (MTD),
which is typically described as the dose level at
which the treated animals have a body weight
gain that is 10% below the controls, in which the
animal has no clinical signs of toxicity. The route
of exposure of the reported MTD and the rat strain
need to be carefully considered when selecting
thisdose. As mentioned, an estrogenic compound
could result in a decrease in food consumption
(Reynolds and Bryson, 1974), so the limitation of
a 10% reduction in body weight for the required
high dose could mask the effects of some chemi-
calsif the dose that lowers body weight is lower
than that which causes other reproductive effects
(see earlier discussion in Leptin/Growth section).

F. Treatment

Initially, the pubertal male assay, published
inthe Final EDSTA C Report, proposed to expose
rats orally to the xenobiotic for 20 days, from 33
to 53 days of age. However, this assay has since
been modified and thedosing period expanded from
PND 23 to 53. The change was adopted to provide
better coverage of the entire peripubertal period and
to increase the sengitivity to thyroid aterations. Al-
though, as mentioned, thyroid histology aterations
can be observed as soon as 2 weeks, most studies
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of thyroid function are at |east 28 daysin duration
(DeVito et d., 1999). In addition, dosing now in-
cludes 1 week prior to the declinein testicular 5a-
reductase activity, the enzyme that is responsible
for a switch from 3a-diol secretion by the testes
to themore potent androgen, testosterone (Figure 13).
Continuing dosing until 53 days of agewas deemed
desirable because it incorporates the period during
which the seminal vesicles begin to accumulate
fluid in response to continued testicular testoster-
one secretion (Figure 1laand d) and sperm from the
maturing testesfirst appear in the caput and corpus
epididymide. Even a dlight delay in the onset of
puberty should result in a reduction in seminal
vesicle weight and epididymal sperm numbers at
this age (e.g., Monosson et al., 1999).

The route of exposure will affect the results
for some chemicals, because the pharmacokinet-
icsvary significantly between oral, intraperitoneal,
and subcutaneous routes. For example, bisphenaol
A will have less estrogenic activity by the oral
route, as its bioavailability is very low following
oral exposure (Potterger et a., 1998) when com-
pared with the more effective subcutaneous route
(Ashby and Tinwell, 1998). The opposite is true
for methoxychlor, which is known to be more
effective by ora gavage, becauseit is metabolized
to the estrogenic form, HPTE, in the liver (Bulger
et a., 1978).

Thetime of day of dose administrationisalso
important because some hormones have a 24 h
rhythm associated with room lighting. Therefore,
the time of the daily treatment may affect a criti-
cal period or time of increased secretion for certain
hormones, depending on the pharmacokinetics of
the chemical. Thus, to minimize this variable, the
protocol states that the animals should be dosed
within arestricted time period (0700 to 0900 h).
On the day of necropsy, the time of dose is espe-
cially important because the concentration of the
test compound in the serum and tissue can have
effects on specific hormonal endpoints.

G. PPS

Preputial separation is areliable noninvasive
indicator of the androgen status of the pubertal rat
(Gaytan et al., 1988), and it is easy to observethe
day of complete cleavage of the epithelium lining



the prepuce of the penis. As mentioned in the pro-
tocol, any additional observations, such as a per-
sistent thread between the glans and the prepuce,
should be recorded. PPS normally occurs between
40 and 43 days of age in LE and SD rats. The
protocol states that males should be examined
daily for PPS. Also, it isimportant that the males
be examined at approximately the same time of
day to be consistent between groups with the pro-
gression of PPS, and it is aso important that the
evaluations be conducted blind to treatment.

H. Necropsy

The protocol indicates that the males are
necropsied on day 53, but no indication is given
about the time of day. Necropsies are generally
done with little regard for time of day; however,
there are several reasons that there should be
some effort to keep the time within a narrow
window: time since last dose administered and
the presence of daily circadian rhythyms of serum
homone secretion or cyclicity of endogeonous
hormone measures. For example, there appearsto
be a circadian rhythm in the secretion of TSH in
the rat. There is a zenith in serum TSH levels at
midday (1130 = 1 h) (Jordan et a., 1987; Pallardo
et a., 1976; Selgas et a., 1997), with a minimum
period of TSH secretion at the beginning of the dark
period. Peaks in the secretion of T3 and T4 typi-
cally occur 1 to 2 h following the TSH eevation,
with amore narrowly defined window for T3 than
for T4 (Jordan et a., 1980). In addition, prolactin
islowest in the morning hours 4 h after lights on,
with an increase about 1 h before lights out in a
12:12 light schedule (Ramaley, 1981). Thus, a
restricted time period for the necropsy during a
period of basal secretion would assure more con-
sistent results between laboratories.

If the intent is to measure LH, testosterone,
and/or prolactin or other hormonesthat are direct-
ly affected by acute stress, then the animals must
be killed in a manner that avoids stressing the
animals. This would include killing the animals
quickly by decapitation in a room separate from
the home cage. Also, to reduce discrepancies in
the hormone data between labs, other environ-
mental stressors present at the time of blood col-
lection must also be minimized. For example, if
the animals are to be moved from an animal facil-

ity to anew location for the necropsy, theanimals
should be moved the day before for acclimation
to the new holding area. As mentioned, this hold-
ing areamust be separate from the necropsy area.

At necropsy, the paired testicular, paired epi-
didymal, ventral prostate, seminal vesicle with
coagulating glands and fluid, levator ani plus bul-
bocavernosus muscles, and body weights should
be recorded. During necropsy care must be taken
to remove mesenteric fat with small surgical iris
scissors from these tissues such that the fluid in
the sex accessory glandsisretained. Asindicated
earlier, at this age the fluid compartment of the
SV is especially dynamic in this androgen-sensi-
tive tissue (Figure 1d).

In addition, care needs to be taken when de-
capitating so that the thyroid gland is undisturbed
for removal (i.e., typically retained with head).
Also, because of the difficulty of separating the
thyroid from the trachea, the thyroid gland with
attached trachea can be removed and placed in the
Bouin's fixative and separated from the trachea
after fixation for subsequent hisological examina-
tion (DeVito et a., 1999).

I. Hormone Measures

Whileserum T4 and TSH should be measured,
serum LH, testosterone, estradiol, T3 and prolac-
tin levelswere listed as optional. The primary use
of these optional measures would be to serve as
adjunct endpointsthat could assist in clarifying the
mode of action of thetest compound. Serum should
be stored in siliconized tubes for subsequent ra-
dioimmunoassay, which will prevent steroidsfrom
adhering to the tube wall.

In performing radioimmunoassays, commer-
cialy available steroid assay kitsor assaysfor mea-
suring pituitary peptide hormonesusing materials
provided by the National Institute for Arthritis,
Diabetes, Digestive and Kidney Diseases
(NIADDKD) arewidely usedin endocrine assess-
ments. However, theNIADDK D materiadsareonly
available to government, academic, or non-profit
agencies. If other commercially available kits are
to be used for the pituitary peptide hormones, any
discrepancies between assays need to be consid-
ered in interpretation of data.

Chemical treatments can increase the Coeffi-
cient of Variation (CV) for T and LH, resultingin
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less statistical power inthe analysisthan onewould
anticipate based on the control values. Despitethe
inherent variability in these hormones, treatments
with antiandrogens, like Vinclozolin (which in-
duces atwofold increasein serum LH and T), can
produce statistically significant alterationsin LH
and T. In fact, analysis of log transformed serum
LH dataindicate that thisendpoint was affected at
the lowest dosage level used in one study (10 mg/
kg/d; Monosson et al., 1999).

J. Statistical Analysis

The EDSTAC protocol statesthat enough lit-
ters should be used to assure that about 45 male
pups are available at weaning (for one control and
two treatments groups of 15). If moretreatment or
dosage groups are included, then the numbers of
litters and male pups should be adjusted accord-
ingly. In addition, body weight at weaning is also
statistically controlled by assigning malesto treat-
ment groups in amanner that provides each group
with similar means and variances in weaning
weight. The magnitude of this source of variance
is determined by including weaning weight as a
covariate in the data analysis.

All data (age at PPS, weight at PPS, body and
organ weights at necropsy, and serum hormones)
are analyzed using body weight at weaning as a
covariate. If the study was conducted astwo blocks,
thentheandysisisatwo-way ANOV A with Block
and Treatment as main effects, again, wtih body
weight as a covariate. For organ weight data, body
weight at necropsy could be used asacovariatein
themodel. If treatment reduces growth and delays
PPS, the mechanism responsible for the delay is
aways in question. In this regard, body weight
change from day 22 until the average age of PPS
in the control group could be used as a covariate
in the regression model.

Data should be summarized and the mean, SE,
and CV values for the control data should be ex-
amined to determineif they meet acceptable qual-
ity assurance criteriafor consistency with normal
vaues. Examplesof control and high-dosedatafrom
astudy ontheeffectsvinclozolin administration are
provided in Table 5. Summary data tables should
include at least age and weight at PPS, testicular,
epididymal, ventral prostate, seminal vesicle (with
coagulating glands and fluid), levator ani, liver,
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and body weights at necropsy, body weight change
from day 23 to necropsy, and serum T4 and TSH.
Data may be also be presented after covariance
adjustment for body weight, but this should not
replace presentation of the unadjusted data.

K. Hershberger vs. Pubertal Male Assay

The Hershberger assay, whichisto beusedin
the Tier | screen (T1S), is conducted in PND 22
castrated males, in which the test compound is
generally administered from PND 29 to 35 or 38.
It is a very sensitive assay for the detection of
chemicals that alter AR function. One advantage
of the pubertal male assay is that it alows for a
comprehensive assessment of the endocrine sys-
tem. It also alows for an interpretation of the
observed endocrine effectsin the context of other
possible toxic effects of the chemical. This bat-
tery of endpoints avoids the pitfall of relying on
a single endpoint. Hence, this assay has broader
application than the Hershberger because it de-
tects chemicals that affect the hypothal amic-pitu-
itary axis (Hostetter and Piacsek, 1977, Ramaley
and Phares, 1983), or inhibit steroid hormone syn-
thesis, aswell as chemicalsthat alter AR function.
The major limitation of this assay is that, unlike
the Hershberger assay, which takes 7 to 10 days,
the pubertal male assay is 30 days long. In this
regard, if the pubertal male assay replaced the
Hershberger assay in the T1S, then the in vitro
steroidogenesis assay could likely be dropped as
well.

L. Limitations of the Pubertal Male Assay

Although preputial separation, sex accessory
gland weights and thyroid hormone analyses and
thyroid histology are sensitive to endocrine modu-
lation, adelay in preputial separationisnot pathog-
nomonic for antiandrogens. Pubertal alterations
also result from chemicals that disrupt hypotha-
lamic-pituitary function (Huhtaniemi et d., 1986),
and, for thisreason, additional in vivo and in vitro
tests would be needed to identify the mechanism
of action responsible for the pubertal alterations.
As mentioned, aterations of prolactin, growth
hormone, gonadotrophin (LH and FSH) secre-
tion, or hypothalamic lesions can aso alter the



TABLE 5

Pubertal and Necropsy data from LE male rats dosed with oil
or Vinclozolin (100 mg/kg/d) by gavage from Monosson et al.,
1999

Control males Vinclozolin-treated

mean/CV males

Age at PPS 40.9 days/4.7% 45.5/5.8%
Body weight at PPS 201 ¢g/10.2% 232/11.1%
Body weight at Necropsy 313 g/7.1% 303/5.3%
Pituitary weight 9.4 mg/ 4.0% 9.7/13.2%
Adrenal weights 50.1 mg/13.2% 63.5/18.1%
Kidney weights 2.68 ¢g/11.3% 2.67/7.0%
Liver weight 14.1 g/10.3% 15.3/8.6%
Seminal vesicle and

coagulating gland

weight (with fluid) 774 mg/16.2% 550/20%
SVCG weight

(without fluid) 368 mg/14.6% 287/19%

Ventral prostate
Testes weight
Testis spermatid

count 156 million/9.8%
260 mg/7.9%

Left epididymides
Epididymal sperm
numbers

236 mg/12.2%
2.88 g/5.6%

63.5 million/11.0%

188/12.7%
2.90/10.0%

156/16.3%
229/9.5%

55.0/12.0%

Serum testosterone (ng/ml) 2.61/33% 4.89/49%
Serum DHT (ng/ml) 0.145/111% 0.184/94%
Serum 3-a-Diol (ng/ml) 0.51/29% 1.04/38%
Serum LH (ng/ml) 0.618/34.5% 2.30/69%

Note: Dosing was initiated at 22 days of age and continued until necropsy
at 51 to 52 days. Values are means and CVs for the control and high
dose group V-treated animals. Note the relatively large CVs for
serum hormone values, as compared to organ weight data, in
control animals and how V-treatment increases the CV. Values in
boldface differ significantly from control.

rate of pubertal maturation in weanling rats. The
limitations of the pubertal male assay are that (1)
it usesliveanimals, (2) it isapical and the mecha-
nism of action may not be apparent without fol-
low up studies, (3) it is 30 days in duration, and
(4) the sensitivity of PPS to antiandrogens that
inhibit steroidogenesis has not been well defined.
Furthermore, athough this assay has been used
for experimental purposes for nearly a decade, it
has not been thoroughly standardized and vali-
dated. In thisregard, the EPA recently has begun
the validation process for the pubertal male and
female assays. In contrast, the Hershberger and
uterotropic assays have been used for screening
and testing for hormonal activity since the mid-
1930s, with standard methods being adopted by

official organizationsafter aninterlaboratory vali-
dation in the 1960s. Additionally, the pubertal
male assay is less sensitive than the Hershberger
assay to AR ligands because it uses intact males,
whereas the Hershberger assay uses castrated im-
mature rats.

M. Advantages of the Pubertal Male
Assay

Some of the advantages of this assay include
(2) it does not require surgical manipulation of the
animals, (2) the endpoints are sensitive to chemi-
cal perturbation, (3) most of the end points aready
are part of the USEPA Multigenerational Harmo-
nized Test Guidelines (organ weights, histology,
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and PPS) or have been used for screening for endo-
crine activity in rats for decades (T4, TSH, thyroid
histology) so the assay should be relatively easy to
implement. As mentioned previoudly, the pubertal
male assay hasbroader utility than the Hershberger.

Another advantage of the pubertal male assay
isthat it allows for comprehensive assessment of
the endocrine system. It is apparent that PPS can
be more sensitive to some AR antagonists than
are organ weights or atered HPG function, while
in other casesthereverseistrue (Gray et a., 1999;
Kelce et a., 1995). In studies of vinclozolin, in-
creases in serum LH were a sensitive response to
this antiandrogen, whereas serum LH is not in-
creased in males exposed to p,p' DDE during pu-
berty (Kelce et al., 1995). Hence, one cannot rely

TABLE 6

on a single endpoint but rather a battery of end-
points should beretained in the assay, as described.
Similar to the pubertal male assay, the pubertal
femade assay (aT1S assay) dso issengtiveto dter-
ationsof the HPG axisand steroidogenesis (includ-
ing aromatase). While the pubertal female assay
cannot reliably detect AR agonistsand antagonists,
puberty (VO) in the femae is more sendtive to xe-
noestrogensthanitisin malerat (PPS). For exam-
ple, dietary administration of nonylphenol affects
VO, but not PPS (Chapin et al., 1998) and estradiol
(Biegdl et al., 1998) and methoxychlor (Chapin et
al., 1997; Gray et d., 1989), accelerate VO at dos-
age levels nearly fivefold below those that delay
PPS. Some expected effects of the pubertal male
protocol are shown in Table 6.

Pubertal Male Assay Response/Weight of Evidence Table

AR Strong ER
antagonist agonist, AR
Endpoint Type 1 antagonist
Growth - ++
Age at
preputial
separation ++ +
Weight at PPS ++ +
Serum T4 - -
Serum TSH - -
Seminal
vesicle weight ++ +
Testis Weight + +
Thyroid
histology - -
Ventral
prostate
weight ++ +
Levator ani plus
bulbocaver-
nosus weight ++ +
Nonreproductive
organ Liver 1
weights adrenal +
Weight of
evidence Weak
decision:
for this assay Positive Positive

AR 5a-
antagonist reductase P450

Type 2 inhibitor PCB Inhibitor

++ ++ - +

++ ++ - +

— — + —

— — —+ —

- + - +

- - +

— + — —

- + - +

- - - +

Liver - Liver -
Positive Positive Positive  Positive

Note: Known or expected responses of well characterized toxicants in the Pubertal Male Assay.
The list includes only required endpoints. Responses are indicated as: + Is positive, — is
negative, + —?, is a possible positive response, and shaded responses are more certain than
unshaded ones. A weight of evidence decision is provided as: positive or negative for EAT

activities.
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TABLE 6 (continued)

Pubertal Male Assay Response/Weight of Evidence Table

Thyroid

Endpoint mimetic inhibitor
Growth - -
Age at

preputial

separation - -
Weight at PPS - -
Serum T4 + -
Serum TSH + -
Seminal

vesicle weight - -
Testis weight - -
Thyroid

histology - -
Ventral

prostate

weight - -
Levator ani plus

bulbocaver-

nosus weight - -
Nonreproductive

organ

weights - -
Weight of

evidence

decision:

for this assay

Positive Negative

N. Reproducibility of the Pubertal Male
Assay

An important consideration in the evaluation
of an assay for screening for endocrine activity is
how reproducible the results are from study to
study and from laboratory to laboratory. It isalso
important to detemine if the effects are” robust”
(i.e. minor protocol variations do not compromise
the responses). In thisregard, the effects of several
toxicants on the timing of PPS have been repli-
cated successfully by several laboratories. Asindi-
cated earlier, the ability of vinclozolinto delay PPS
a 100 mg/kg/d has been demonstrated in two
laboratories by different investigators (Anderson
et al., 1995; Monosson et a., 1999; Figure 2a). In
addition, the effects of vinclozolin on serum LH
and T aso were replicated in two different |abo-
ratories (Anderson et al., 1995), even though the
age at necropsy differed considerably between the

Aromatase

Potent
inhibitor Weak
of T4 ER
synthesis Phthalate Anti-ER ligand
— + — — —
—+ ++ — —
—+ ++ - -
++ - - -
++ - - -
+— ++ — —
+— ++ — —
++ - - -
+— ++ — —
+— ++ - -
Positive Positive Negative Negative

studies (55 days of age vs. adults). In addition to
vinclozolin, in six separate experimentsfrom three
laboratories, methoxychlor treatment, through the
pubertal period delayed PPS at similar dosage
levels (Figure 2b). Taken together, these results
indicate that effects of these toxicants on PPS are
reproducible and robust. Furthermore, some tes-
ticular toxicants, such as carbendazim, can have
no effect on PPS, despite its effects on spermato-
genesis. Therefore, such testicular toxicants that
do not alter endocrine system functioning or affect
other factorsthat may also be involved in pubertal
progression in the male may not delay PPS (Fig-
ure 2f).

IX. SUMMARY

The existing dataindicate that this assessment
of pubertal development and thryoid function in
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the male rat is a simple and effective method to
detect the endocrine activity of pesticidesand toxic
substances. Asindicated above, such asimple and
senditiveassay for EDCsmay provide some advan-
tages over other methods under consideration that
utilize castrate-hormone-treated males (Endocrine
Disrupters Screening and Testing Advisory Com-
mittee [EDSTAC], 1998). Asreviewed here, toxi-
cants administered from 23 to 53 days of agein
the “male pubertal assay” successfully identify the
endocrine activity of several antiandrogenic and
estrogenic pesticides. The scientific basis for the
longer duration of the study, when compared with
the shortened versions proposed by Ashby and
Lefevre (1997) and in the proposed EDSTAC pro-
tocols (Final Report, 1998) is also provided.
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